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EXECUTIVE SUMMARY

This report describes the theory support of DTRA’s Plasma Radiation Source (PRS) program
carried out by NRL’s Radiation Hydrodynamics Branch (Code 6720) in FY 1999. Included is work
called for in DTRA MIPR 99-2011/1363, 6720 Radiation Theory Support and in Sandia National

Laboratories document number BE-6078, Z-pinch Theory and Spectroscopy.

This year was a continuation of focussed efforts to design new experiments, to analyze the
data from PRS experiments as it became available and warranted analysis, and to evaluate the
results of experiments on existing machines with special emphasis on evaluating the feacibility
of increasing x-ray yields using large radius PRS loads. As a result of these efforts, noteworthy
strides were made in the areas of plasma diagnostics, model assessment, improved understanding

of Z-pinch phenomena, and how these factors affect PRS load and experiment design.

Experiments in the 1970s revealed that the the total radiation was often noticeably larger
than the kinetic energy imparted to the PRS load. However, with the DTRA sponsored long
pulse aluminum experiments recently performed on Saturn and promoted by Code 6720, the
total radiative yields were not just noticeably larger, but factors of 3-4 times as large as the
kinetic energy. This made it clear that there is indeed an additional source of enhanced energy
coupling to the plasma load after stagnation. With the goal of harnessing this energy by properly
designed future PRS loads, this Branch put extensive effort into understanding this phenomenon. In
particular the work Qf Rudakov and Sudan, which attributes this additional energy to macroscopic
magnetohydrodynamic turbulent pinch heating, has been extended to the point where the theory
can now explain much of the post stagnation plasma behavior. One useful feature of this theory
is that it eliminates the need to emi)loy artifices to limit the radiative collapse behavior in our
models. This is an exciting development in understanding Z-pinch behavior that has eluded the

PRS community for over two decades.

The constant checking of model results against data analyses of carefully designed
experiments, together with continuous critique of the assumptions that go into the models, has
prover to be a good method for making sustained progress in a field as complex as PRS

development. Past checking of the assumptions of our models by comparing with experiments
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revealed the importance of discriminating between line broadening produced by turbulent plasma
motion and that due to large ion temperatures. This is a challenging but important task. Knowing
the source of this broadening is important because it reveals information about the distribution of
energy between ions and electrons in the core plasma. If high ion temperatures are the source of
this broadening, as predicted by our models, then their reduction will be a vital design goal for
future experiments. Because the high ion temperatures extend the time it takes to ionize into the
K-shell and because they promote plasma cooling due to softer x-ray emission from the L-shell,
their influence will especially effect those experiments intended to produce copious high energy,
> 8keV, x rays. Our Branch continues to focus on this important issue; special attention was paid
to designing novel loads that reduce this ionization time as well as to assessing the physics that is

needed in modeling of the development and structure of shock fronts in these plasmas.

In order to design large radius loads that radiate efficiently, it is important that the large
radius experiments be properly diagnosed and analyzed. To aid in the accomplishment of this
goal, software was developed that automates and speeds up the routine analysis of data from Ar
puff shots. This accomplishment allows inferences of vital pinch parameters such as temperature,
density, and mass participation, to be made within minutes after each shot. At present very few
DTRA experiments are so carefully analyzed and quantified. The feasibility of transferring this

software to the PRS community at large is now being explored and discussed.

In this report the progress made in model development and assessment, and in diagnostic
development for the purpose of improving our understanding of large radius Z pinch behavior is

discussed section by section:

(1) It was concluded from early experiments that load kinetic energy was often insufficient to
account for the measured radiative yields. It was assumed that the additional dissipation required to
explain the yields was due to some anomalous resistivity, since the classical Ohmic dissipation was
too slow a process to generate enough energy. Until now, no theory of this enhanced dissipation
has been developed. It is important to have such a theory because recent long pulse experiments
have shown that the additional energy coupled to the plasma can be factors of 3-4 times the
kineti¢ energy. Given understanding and control of this phenomenon, this substantial energy could

potentially be tapped by proper load design to increase K-shell yields.
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Here is presented an analytical model describing this additional energy deposition based on
the concept of macroscopic magnetohydrodynamic (MHD) turbulent pinch heating proposed by
Rudakov and Sudan [Phys. Reports 283, 253 (1997)]. The pinch plasma is modeled as a foam-
like medium saturated with toroidal “magnetic bubbles” produced by the development of surface
m = 0 Rayleigh-Taylor and MHD instabilities. As the bubbles converge to the pinch axis, their
magnetic energy is converted to thermal energy of the plasma through pdV work. Explicit formulas
for the average dissipation rate of this process and the corresponding contribution to load resistance
are presented. The possibility of using this enhanced (relative to Ohmic heating) dissipation

mechanism to power novel radiation sources and produce high K-shell yields is discussed.

(2) Gas puff Z-pinch implosions, with Ne:Ar and Kr:Ar mixtures,b at the 7 MA current level with
approximately uniform and annular gas injection profiles have shown significant increases in x-ray
power, reduction in pinch diameters in some cases, and increase in argon K-shell radiated yields
with the uniform fill loads. Spectral analyses show that the uniform fill loads produce higher
density, higher temperature pinches, in which more of the initial mass participates in K-shell x-
ray emission. One-dimensional radiation-MHD calculations indicate that the uniform fill profile
implosions would be less efficient producers of K-shell emissions than the annular cases. However,
comparisons of the calculations with the data reveals that the uniform fill implosions produced
plasma conditions and associated emissions that were much closer to thé 1D calculated parameters
than the annular implosions. Time-resolved pinhole images confirm that the uniform fill implosions
have more axial uniformity. Two-dimensional radiation-MHD calculations demonstrate that the
initial conditions, snowplow stabilization, field penetration and axial mass flow all contribute to the
improvement in implosion uniformity. The work presented in this section was a joint collaboration
between code 6720 Branch members and C. Deeney, M. R. Douglas, R. B. Spielman, and T. J.
Nash of Sandia National laboratories as well as N. F. Roderick of the University of New Mexico

and P. T. Springer and K. L. Wong of Lawrence Livermore National Laboratory.

(3) Through experiments by the PRS community and theoretical and spectral analyses largely
developed by this Branch, it has become apparent that understanding the physics that takes place
in the ‘core of the plasma upon stagnation of the Z-pinch is a key to improving K-shell yield

efficiencies as well as going up in photon energy. To achieve the optimal plasma core conditions
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for producing K-shell x rays in moderate atomic number Z pinches, a fast thermalization of kinetic
energy is necessary. Generally there are two ways to accomplish this: either by fluid compression
or through the more sudden and nonlinear process of shock wave generation and dissipation. In
this section a closer examination of the development and structure of shock fronts as well as a
critique of past methods of modeling shock fronts is presented. Recent analysis has shown that the
historical artificial treatment of shocks that ascribes all the viscosity to the ions is erroneous. In fact,
depending on the ionziation state of the plasma, real viscosity can favor heating of the electrons.
The process of studying this problem in highly ionizable plasmas was begun last year with the
development of a new description of the electron pressure tensor in spherical and planar geometry.
This year the work was extended to the cylindrically symmetric geometry of a Z pinch where it
is needed in order to investigate the generation of steep gradient structures and rapid ionization
processes in and near the core of the Z pinch: This investigation may have special relevance to the

design of nested array or nested load experiments.

(4) In this section we evaluate the future performance on Decade Quad of the large radius argon
loads that have been developed for Double Eagle and Saturn. These are evolutionary loads in that
the knowledge attained from their usage on Double Eagle and Saturn will allow us to mitigate
the risks associated with large radius implosions and to ultimately design loads that make Decade
Quad a successful argon PRS machine. In particular, the double puff nozzle loads used in the
Double Eagle and Saturn long pulse experiments are assessed in terms of their future performance
on Decade Quad. As was the case for last years analysis of the 7 cm diameter uniform fill loads,
this assessment is accomplished by projecting Decade Quad argon K-shell yields by scaling in
energy from the experimental Saturn and Double Eagle yields. In accord with last years large
radius experimental results, the yields achieved using the double puff nozzle project to nearly
40 kJ of K-shell emission on Decade Quad. Unfortunately, the projected Decade Quad yields
based upon the experimental Saturn yields are about 25 kJ. A likely reason for this diminished
projection, which was alluded to in last years Annual Report, is due to K-shell yield saturation
in the low coupled-energy-per-ion regime. The results of this energy scaling analysis as well as a
more complete description of the phenomenon of yield saturation and techniques for mitigating its

effects are presented.
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(5) Our Branch, L. I. Rudakov, and E. Waisman were commissioned to explore novel approaches
for producing ~ 10 keV x rays from PRS loads powered by long pulse drivers. The White Paper
on this subject is presented.

Simulations performed by our Branch have identified one of the main problems of generating
a hard spectra, even at 60 MA and 100 ns rise time. That is that the energy exchange between
electrons and ions is slow, requiring thousands of electron-ion collisions. Under most conditions
this results in the electron energy being lost through softer radiation from lower ionization states
before the H- and He-like ionization states are achieved. The only way of minimizing these losses
is to increase simultaneously the stagnated plasma density and its confinement time. Then opacity
would help decrease radiative losses and there will be enough time for ionization to the K-shell.
In this section, three recent advances are described that lead to increased density and confinement
time at stagnation that could help solve the problem of generating substantial yields of ~ 10 keV
quanta using low cost pulse power. These advances are: 1) make use of the enhanced energy
deposition in Z-pinch plasmas (as described in Sec. 1), 2) increase density by increasing the
confinement current using a modification of the concept of current multiplication suggested by
O. Zucker, and 3) increase the current rise rate using an “inductive switch”, rather than a plasma
opening switch POS. The advantage of the inductive switch over the POS is that the switching and
load sections of the inductive switch are spatially separated, so that no plasma from the switching

section reaches the imploding load.



I. Model of Enhanced Energy Deposition in a Z-Pinch Plasma

L Introduction

In plasma radiation sources (PRS), Z-pinch loads are imploded to convert the
magnetic energy supplied by the pulsed power driver into the kinetic energy of the load,
which is then converted into plasma thermal energy at stagnation, and then, finally, into
x-ray radiation.! One of the most important characteristics of PRS is the total energy
coupled to the pinch and available to conversion into radiation. The early PRS
experiments (e. g., see Refs. 2, 3) have discovered a remarkable fact: the total radiation
yield was noticeably larger than the kinetic energy imparted to the load. In late 1970s,
analysis of these and similar experiments and their one-dimensional (1-D) numerical
simulation® Ied to the conclusion that the additional, or enhanced, dissipation is due to
some anomalous resistivity, since the classical Ohmic dissipation was found too slow to
generate enough energy. Since then, no thedry of this enhanced dissipation, which plays a
major role in supplying energy to tﬁe pinch, has been developed.

A new physical mechanism of enhanced energy dissipation was recently proposed
by Rudakov and Sudan.’ The enhanced energy dissipation was explained by convergence
to the pinch axis and subsequent annihilation of toroidal magnetic flux tubes, “magnetic
bubbles”, which results in a deposition of their magnetic energy into the plasma in the
form of heating and macroscopic MHD turbulent motion. Independently, two-
dimensional (2-D) numerical simulations of Z-pinch implosions (see Ref. 6 and
references therein) have consistently reproduced, without invoking anomalous resistivity,

a lot of experimental features that have not been predicted with lesser dimensional
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approaches. These features include “a larger drive current in the load, more energy
extracted from the pulsed power system, and thus the possibility of enhanced radiation
yields.”® Since the enhanced dissipation as we describe it is essentially a 2-D r-z MHD
process, a fully accurate 2-D r-z MHD modeling should reproduce it. We believe that 2-D
Eulerian simulations of Ref. 6 to some extent do so. At the moment, it is not clear,
however, whether the numerical resolution available for 2-D is sufficient to accurately
describe all the relevant effects, including reconnection of current and formation of the
closed current loops, the “magnetic bubbles”. This problem needs further study.

The enhanced energy deposition has thus been shown to be a hydrodynamic
(although essentially non-1-D), rather than a kinetic effect. Still, more work is needed 1o
fully understand and describe this mechanism. In particular, still no theory is available to
estimate the rate of the enhanced deposition.

In the present paper, we develop a theoretical model that describes an enhanced
energy deposition mechanism that is dissipative in nature. We present explicit formulas
for the average enhanced dissipation rate and the corresponding contribution to the
resistance of the load, which compare favorably to the experimental data and simulation
results. These formulas permit incorporation into a 1-D radiation-MHD code. Finally, we
discuss the possibility of using this dissipation mechanism to power novel PRS intended
to produce high K-shell yields in the long current pulse regime.

The paper is structured as follows. In Section II, we present analytical estimates
and experimental data showing that the enhanced energy dissipation is a major
contributor into the pinch plasma energy balance. In Section III, our theoretical model is

introduced, and analytical formulas for the enhanced dissipation rate and the



corresponding contribution to effective pinch resistance are derived. In Section IV, these
formulas ére compared to experimental data and numerical results and applied to a
variety of Z-pinch issues, from modification of the Pease-Braginskii equilibrium
conditions to generation of intense K-shell radiation in the long pulse regime. In Section

V we conclude with a discussion.

II. The background.
The “kinetic” or “mechanical” or “magnetic” energy E, coupled to the pinch
during the implosion can be estimated as work done by magnetic pressure:

2 R y2 2
Ek=j.§—-2ﬂRl' _4R dt=J—I—idR=al-I—'"—ln—Igi~
87 dt Rfc2R ¢ R

= %AL(nH)Im (MA)’KJ, (1)
f

where [ is the pinch length, R; is the initial radius of the pinch, R, is its final radius at
stagnation, I,, is the peak current, AL(nH) =2-I(cm)-In(R, / R;) is the change of the

pinch inductance in the implosion, a is a dimensionless coefficient of order unity that
accounts for the current pulse shape: a =1 for a constant cﬁrrent, a = (.6 for typical
current pulses in multi-MA maghines (for details, see Ref. 7).

When the‘ pinch column assembles at the axis, it has already been severely
distorted by the Rayleigh-Taylor instability during its acceleration phase. Then the pinch |

is no longer accelerated, but it still experiences the m = 0 MHD sausage instability,

whose growth rate is of order of 1/7, . Recall that 7, =R, /v, is the Alfvén time

expressed via the Alfvén velocity

B I 3 I_(MA) '
- —3 m =1 ..——"—1—_—_—. m/ s ‘ 2
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where (1 is the line mass of the pinch. For most relevant experiments, R, ~Imm,

v, ~(3-5)-10" cm/s, so that 7, ~ 2—3 ns. One might expect the instabilities to make
the pinch disintegrate within the time ~7,,, but this does not happen. Instead, the quasi-
cylindrical pinch column stays near the axis for about (5-10)-7,. Referring to this
period of time, it is sometimes said that the pinch is “cooking” near the axis, as observed
on the soft x-ray images that include a significant fraction of the total Z-pinch emission.
The big question is whether an appreciable amount of magnetic energy can be coupled to
the pinch while it is “cooking”.

There is plenty of magnetic energy in the vacuum cavity surrounding the
stagnated pinch: magnetic energy delivered to the load unit exceeds the Bennett thermal

energy contained in the pinch plasma by a factor of In(R,/R,)=3 (where R, is the

radius of the current return can), and there is more of it in the inner magnetically
insulated transmission lines. The “cooking” pinch, however, appears to have little chance
to tap this energy. Since in the “cooking” phase dR/dt =0, the magnetic pressure no
longer performs the pdV work accelerating or compressing the pinch column as a whole.
The only mechanism that can couple more magnetic energy into the pinch seems to be
Ohmic heating, that is, diffusion of magnetic energy into the pinch. To estimate the role
of Ohmic heating, we introduce the conventional parameters characterizing it. The rate of

diffusion (magnetic diffusivity) is expressed via the plasma conductivity o as
V,. =’/ 4mo [cm?/s] . The characteristic velocity associated with this rate and the length

scale Rf is



3

1%
m
vOluu R—- .
/

An important dimensionless parameter of the pinch, the magnetic Reynolds

number Rm, is the ratio of the two characteristic velocities:

Rm = = 5
Voim — Vm ¢ @
3w mPZ LR, 13107 Z**1,(MA)R,(mm)
T 2m 2l InAZA+Z)Y Pt InAZ(1+Z)** y®(ug/cm)

Here, In A is the Coulomb logarithm. In Eq. (4) the temperature that enters the classical

resistivity is expressed via the pinch current using the Bennett relation,

2 2 2
_ zlmm,._ - Z_ Imzmu ~10.4 Z_ I, (MA) keV, )
2c°(0+2)u 1+Z c*u 1+Z p(ugfem)

where m, is the atomic mass unit, Z is the mass-averaged ion charge for the plasma

whose atomic number is Z, and the atomic mass A = 2Z both for high-Z elements and for
deuterium. This way we tend to underestimate the magnetic Reynolds number, since the
plasma temperature near the pinch boundary, where most of the current flows, might be
higher than the mass-averaged Bennett temperature. Still, according to the estimate (4),
Rm >> 1 (typically, Rm is of order of 10° or greater) for all situations of interest.

Since Rm >> 1, the current flows in and heats the skin layer, whose depth is

8 =(v,1)""*, much less than the pinch radius. The average current density in the skin
layeris j=1,/2nR 6 . Then the Ohmic heating during the time interval ¢ after

stagnation could be estimated as

' +2 2 1/2 2 172
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Substituting (4) into (6), we find that the Ohmic heating due to classical resistivity, Eyis
is much smaller than the JxB work during the implosion, E,, if the pinch confinement

time is not too high:

—_—<<—, @

For typical conditions of the PRS experiments, the right-hand side of (7) is of order of
10°-10°, whereas the confinement time typically does not exceed 107, . Since the
stagnated Z-pinches observed in experiments are distorted by instabilities, the “surface
area” through which the magnetic energy could penetrate into the plasma could be much
larger than 27R! . This makes the contribution of the classical resistivity much higher
than the above estimates would suggest, although §dll insufficient to account for all the
difference between the work of magnetic pressure during the implosion phase, E_, and
the observed total x-ray yield, Y.

The above indicates that the energy coupled to the pinch seems to be reasonably
estimated by (1). If the pinch load is an annular plasma shell, then during the run-in phase
of the implosion its thermal pressure is much less than the magnetic pressure driving it,

so that E, is an estimate for the kinetic energy to be thermalized at stagnation. For a
uniform fill load, E, estimates the sum of kinetic and thermal energy delivered to the
shock-driven plasma. The classical Ohmic heating during the “cooking” phase adds a
relatively small (compared to E, ) amount of energy to the plasma. Let us test this
conclusion, substituting into (1) the typical parameters of PRS experiments on GIT-4 in
Ru_ssia',8 Double Eagle,” Saturn in short' and long pulse regime,'"? and the Z

generator.”® The results, shown in Table 1, are consistent with the implosion kinetic



energies estimated for these cases using the 0-D slug/circu'it model. The experiments,
however, consistently demonstrate that the pinches dissipate much more energy than
could be imparted to the pinch plasma during the run-in phase of the implosion, in the
form of kinetic energy or otherwise. As for the above examples, the total measured
radiation yields in all cases are substantially larger than the above estimates, see Table 1.

The dependence (1) of E, on the compression ratio is weak. Therefore, the

discrepancy between the estimated energies and observed yields cannot be explained by
simply assuming a higher than 20-fold radial plasma compression averaged over the
pinch length. To obtain the above yields with the aid of (1), the corresponding radial
compression ratios must be taken way above those consistent with experimental data:
from 100 for Double Eagle and Z to to 250 for GIT-4 and more than 1000 for Saturn.

Since 100- to 1000-fold compressions are obviously unrealistic, one concludes
that some additional mechanism of energy dissipation in the “cooking’ regime must be at -
work. This mechanism adds a major contribution, of order of 50%, and sometimes much
more, to the plasma energy balance. Its effect is not limited to a particular device or
experimental conditions; it is consistently observed in numerous PRS experiments, from
those performed in the 1970-80s on Blackjack 3 and PITHON,z' ? to more recent
experiments on Double Eagle, Saturn and Z. In other words, this effect is pervasive. How
do we explain it?

The early analys‘is4 determined that magnetic energy seemed to penetrate into the
plasma column much faster than classical resistive diffusion would permit, which seemed
to indicate enhanced, that is, anomalous resistivity. Simulations of Ref. 4 have shown,

however, that this must have been some non-conventional kind of anomalous resistivity,



whose manifestation did not correlate with conditions favorable for either two-stream or
ion-sound instabilities. No theory providing a satisfactory explanation of the enhanced
dissipation via any kind of anomalous transport, like resistivity or micro-turbulence has
been suggested ever since. Recent analysis® and simulations® have demonstrated that
invoking anomalous resistivity is not really necessary. In the “cooking” phase, after
stagnation, most of the energy might couple to the pinch through the pdV work associated
with the 2-D plasma flow in the unstable plasma column. Numerical modeling of this
effect involves detailed description of individual bubbles and spikes formed in the pinch
plasma, therefore being very demanding on computer power. Additionally, evaluating the
contribution of this particular dissipation mechanism to the total plasma energy balance
in the 2-D simulations is not straightforward. Othgr contributing factors include, for
instance, effective lowering of the pinch inductance due to the 2-D structure that allows
for higher current level to be sustained for a longer period of time than is possible for a 0-
D model that achieves the same effective compression (see Fig. 14 of Ref. 6), or
increased Ohmic heating along the 2-D current path that is many times the length [ of the
diode.

Our goal is to develop the approach to this effect suggested in Ref. 5. We are
interested in describing the enhanced energy dissipation in a Z-pinch column, whose
parameters are averaged over time and axial distance (and thereby, over individual
bubbles and spikes). Thus we seek a quasi-1-D description, that must account for the
essential features of the 2-D flow that are responsible for the enhanced energy

dissipation. This description can be used to produce explicit formulas for the dissipation



rate, and further advanced to the point of being incorporated into a 1-D radiative-MHD

code.

1. Enhanced dissipation due to magnetic bubbles

A. The concept

Consider a magnetic bubble that emerges as a neck at the surface of the pinch as a
result of nonlinear development of the m =0 mode of the MHD and/or RT instability
[Fig. 1(a)]. Following Ref. 5, suppose that the plasma closes behind it, thus forming a
doughnut-shaped, toroidal bubble, completely entrained by its own current loop, as
shown in Fig. 1(b). Here, we assume full azimuthal symmetry, as in r-z numerical
simulations, and describe only toroidal bubbles that carry azimuthal magnetic field lines.
This is the simplest physical picture sufficient to describe the effect we are interested in,
the enhanced dissipation. Motion of the bubbles through the plasma is well ordered,
being determined by the plasma parameters. The concept of a foam-like plasma saturated
with toroidal bubbles is self-consistent. If two or more bubbles collide (this process is not
included in the version of the bubble model described below), due to simple geometry of
the problem, they would coalesce, without any dissipation, into one bubble, conserving
volume, cross-sectional area, magnetic energy and magnetic flux. Let us now describe the
motion of a bubble.

The bubble carries magnetic flux and magnetic energy but contains no mass.

Assuming the smaller radius of the torus, R, , is much less than the other characteristic

lengths, we can express the parameters of the bubble via the fluid variables of the plasma




surrounding it. In particular, the azimuthal magnetic field inside the bubble, B,,is
determined by the condition of total pressure equilibrium at the bubble boundary

B} B

b= 4p. 8
v 8x P ®

Neglecting diffusive losses of magnetic flux from the bubble, we can relate B, and R;:
2
B,R} = J—l R, =const, ©)
Re|,,

where ¢ =1, is the instant when the given bubble emerged at the surface.
The radial force per unit volume on the bubble can be expressed as
F,=-pg-L, (10)
where g =—a is the effective gravity experienced 'by the accelerated plasma volume.
When the plasma is accelerated inward, a <0, then g >0, so that the buoyancy force
— pg is negative. The bubble, rising in the gravitational field, is driven to the axis. This
contribution to F, is associated with the RT instability. The remaining term in (10) is due
to the non-gradient term ~ B? / 4zr (curvature stress) in the equation of motion for the Z-
pinch geometry, where the radial force per unit volume equals — V(82 /87 + p)

— B?/ 47r . The total pressure per unit volume is the same in the bubble and in the plasma
around it, whereas the curvature stress in the bubble is larger by —2p/r, see (8). This
contribution to F,, which is, of course, associated with the MHD sausage instability,

always drives the bubble to the axis.

Since the bubble has no inertia, the radial force has to be balanced by the drag

force, CpR,v? per unit length of the bubble, where C is a dimensionless drag coefficient

10



(below we assume C =1, the value appropriate for a straight rigid cylinder at not-too-high

Reynolds numbers'*), and v, is the velocity of the bubble relative to the plasma. Then we

7R 172 9 172 9
v,=~(—”] gr+l‘ sgn gr+—‘?- ) (1)
r p p

Here, R, can be expressed with the aid of (8)-(9). The sgn function emerges when the

obtain:

square root is extracted, to ensure that the bubble moves in the same direction as the
radial force (10) drives it.
When the bubble is driven to the pinch axis, the magnetic flux it carries is

conserved, but its magnetic energy, E,, is not. Rather, it decreases as

E, () r(t)c[gnp(r(t),t)‘*'B(r(t)sf)z}lz " (12)
E, 21(t,) ’

mainly because the volume of the bubble diminishes proportionally to its larger radius,

r =r(z). The energy is dissipated in the pinch plasma, both through the pdV work
(displacing the plasma) and through the work of the drag force. The latter includes both
dissipation in a boundary layer and generation of sonic waves due to motion of an object
(bubble) through the plasma at subsonic velocity. As the bubble reaches the axis,

r(t) — 0 [Fig. 1(c)], all of the energy that it initially carried has been dissipated.

In other words, once the magnetic bubble pinches off and is completely entrained
by its own current loop, becoming a fully formed flux tube [Fig. 1(b)], it could be
visualized as a contracting rubber band. As it moves to the pinch axis, the magnetic flux
it carries is conserved (ﬂxe band is still there), but the magnetic energy (tensile energy of

the rubber) decreases, being converted to the energy of the plasma through the pdV

11



(displacement) and the drag force work. Release of this magnetic energy accounts for a
major contribution to the energy balance of the pinch plasma. This is essentially the
mechanism of enhanced dissipation. The presence of the bubbles effectively increases the
surface of the plasma, where it could be pushed (and thereby heated) by the magnetic
field, hence increasing the dissipation rate. One can even recognize some similarity of the
“cooking” Z-pinch regime with the conventional cooking process. The energy balance of
the boiling water is similarly affected by the effective increase of its surface available for
evaporation due to formation of the bubbles.

The bubbles are driven inward by a combination of magnetic buoyancy and
curvature stress. (Similarly, the coronal magnetic activity generates the “magnetic flux
ropes,” which then rise in the solar gravitational field, as discovered long ago by
Parker."®) It should be emphasized that the enhanced energy dissipation is due to the
inward motion of “empty” bubbles (the plasma density inside the bubbles must be much
less than outside) rather than to the interchange of the neighboring flux tubes containing
both plasma and magnetic flux. The latter process only redistributes the energy within the
plasma column and cannot couple additional magnetic energy from the vacuum to the
pinch. Not surprisingly, an equilibrium Z-pinch with a sharp boundary is always unstable
with respect to the m =0 perturbations (in other words, it is always ready to absorb
more magnetic bubbles), whereas a diffuse equilibrium Z-pinch could be stable with
respect to the m =0 intérchange of the neighboring flux tubes, provided that the

Kadomtsev stability criterion, Eq. (4.3) of Ref. 16, is satisfied.
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B. The modc_l equations

The pinch plasma is modeled as a foam-like medium saturated with toroidal
“magnetic bubbles”. Let p be the plasma density outside the bubbles, and ¢ the volume
fraction occupied by the bubbles (0 < ¢ < 1). Consider a “bubble fluid,” whose density is
= P, superimposed on the plasma, so that the total density is zero in the volume fraction

@, which makes the average mass density p = (1—«)p. The plasma momentum density is
pv, , the momentum density of the “bubble fluid” is —apv,, the total momentum density
thus being P = p(v, —ow,). Let us introduce V =P/ p = (v, —aw,) /(1 - @) as the

center-of-mass velocity of the fluid containing the bubbles. Then velocities of the plasma

and the bubbles, v, and v,, are expressed as

oy Vv
=V 4+ =V +—L, 13
Ve l—a’ -« (13)

where v, =v, —v, is the velocity of the bubbles relative to the plasma. Of course, since
the bubbles contain no mass, the center-of-mass position is that of the plasma. However,
when a bubble whose volume is % moves from point 1 to point 2, the corresponding
amount of mass, p 7, has to be moved from point 2 to point 1, which also affects the
center-of-mass position. Separating the bubble and the plasma motions, we specifically
exclude the contribution to the plasma velocity due to the bubble motion, assuming that it

is concentrated in the viéinity of a bubble, whereas v, is defined as the average

macroscopic plasma velocity far from the bubbles. Defining d /dt =9/9t+V(3/3r), we

note that in the expression (11) for v, we have: g =—dV /dt.

The mass conservation equation therefore is conventional:




0 10
)0 4 1-a)pV = 14
ot a ) ror ( )p 0 14

because p =(l—a)p is the true average density in the volume that contains bubbles.

The induction equation for the bubbles is

0 0 v
—oB, +— — =0, 15
ot b+araBb(V+l—a) (15)

where B, is given by (8) and resistive losses of magnetic flux from the bubbles are

neglected. The inductive equation for the plasma includes finite resistivity o

d d ad 9
—(-a)B+—(1-a)BV -——(1~- —rB=0, 16
ot t-a)B+ or (-0 or 1-a) 4ror or 4 (16)
The equation of motion is
dV dp B 0 20p -
- —_—t———t——_(rB )+ = = 17
(A=ep dt +ar+47rr 8r(r » r 0. 4

where the additional term in the left-hand side of (17) accounts for the extra curvature
stress experienced by the bubbles, as discussed in Section ILA.

The electron energy equation is

2 ooy, + D EAPID Do,
dt r or or or (18)
2 dewo -

where j = (c/4nr)(@/0r)(rB) is the current density in the plasma, k, is the electron
thermal conductivity, Q, = (3m, / m;)(n, /T, )T, ~T,) is the electron-ion energy
exchange rate, Q,,, accounts for energy losses or heating due to radiation. The ion

energy equation is
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2 q-ayEy + L2 En tp) 9 .y
dt r or (19)
2
=p -"ﬁ-av,(pg +—’i)+ (-0,
dt r
Summation of Egs (18), (19) yields the plasma energy equation:

—d—(l—a)ET + U~ + p) —a-rV —lir(l—a)xe 9
dt r or ror or 20)

do 2p j?
=p— =0 +—— +00-a)Z—- s
P dt r[pg r ) ( ) c Qrad

where E; = E,, +Ey;, p = p,+ p;. In the right-hand side of Eq. (20) we have two extra

terms that describe enhanced energy dissipation. The first term describes the effect of
displacing the plasma by changing the volume fraction occupied by the bubbles — in other
words, this term represents plasma heating due to the pdV work done by the bubbles
converging to the axis. This work is transformed into thermal energy of electrons and
ions at the rates proportional to their respective pressures. The second term is the energy
release due to the drag force between the plasma and the bubbles moving through it.
Equation (11) demonstrates that its contribution is always positive, as it should be. Most
of this energy is dissipated in the ion fluid; its fraction delivered to the electron fluid is

estimated as Z - (m,T, / mT;)""*, which is much less than unity for all cases of interest.

The system of Egs. (15)-(20) satisfies the basic conservation laws. Conservation
of mass in a cylinder whose radius R(¢) satisfies dR/dt =V (R(¢),t), is easily derived
from Eq. (15). Fora steédy-statc equilibrium, we derive from (17) the Bennett relation
(5) without any modification.

Magnetic flux contained in the bubbles pef unit length of the pinch varies with

time according to
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o R
_d__b_zij‘agbdrz aBbv’ = — v, _2_[_’ (21)
dr dtg l-a lr:R(l) l"aLR(:) Re

since at the outer boundary of the plasma B, =21/ Rc . If the pinch is accelerated inward

(g >0) or steady (g = 0), then v, <0, see Eq. (11), so the pinch absorbs magnetic flux
from the vacuum due to penetration of the magnetic bubbles.

From the induction equation (16) we find the time variation of the magnetic flux
in the plasma, ® ,:

2

ad, d R 3 ¢t 9
_Zx'!(l a)Bdr_a—a)mé:(rB) —le?, 22)

dt

=R

where the averaged resistance 2 per unit length of the pinch column is defined as

& =i IO 1 _Za(r)]. | 23)
=0 ] R o (r)

Here, we suppose the pinch column to extend to the axis. The right-hand side of Eq. (23)
in effect determines the rate coefficient for magnetic Sflux dissipation at the pinch axis.
Note that the electric field near the pinch axis determines the “averaged” value of
resistance (23), see Egs. (2), (3) of Ref. 17.

Multiplying Egs. (15), (16), (17) by B,, B, and V, respectively, and summing the
results with (20), we derive the energy conservation equation in the form

d 1o

T B t——1q,0y =-0.., . 24

o e rarq‘d Oraa (24)
Here, the total energy density is given by

2
E,, =(1-)E, +%(1—a)pvz +;’;+0@, 25)
T
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the last term being due to the excess of magnetic energy in the bubbles, as expressed by

(8). The total energy flux is

2 2
G =(1-a>ETV+<1+a)pv+lp(1-a)v3+B v, 2o (B
4 1-o| 87 26)

ZB a
ar

Let us write down the energy conservation equation for the whole system pinch + circuit.

Variation of magnetic flux in vacuum outside of the pinch could be expressed as

R,
d<1>v,,c_djadr__d__2_f_1 R,__2R 20, R, @

dt _:i-t-ch dt ¢ R ¢’R ¢ R

where R, is the radius of return current can. Variation of magnetic energy in the vacuum

is

= rdr -——1 = =t —In—=. 28
dr B ’ dc® R R & R (28)

g_‘}”() dI’ R, IR _2i R
d

Integrating (24) with the ai(_i of (21)-(23), we obtain:

E = 27rj o 7AT
2 2 .
=y e2® B a B 9,p 2nR-E,; (29)
1-a |87 16 167%0r or R

_I’R 1490, 1d®
2R c dt ¢ dt

L+’ -E,,

where E, , = 27rj derdr , and the absence of conductive heat flux through the outer

pinch boundary has been assumed. Then the energy conservation relation is
L +E, E,=IU (30)
Z vac pinch + Ly = ’ )

where
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1(dd,, db, db
U=- + +
cl dt dt dt

! ]+ 19 31
is the voltage applied to the load unit, as it should be.

Equation (11), as well as most other equations of our model, is formally justified

only in the limit R, /r — 0. It should be noted, however, that we are constructing a

model rather than developing a full theory of MHD turbulence in a Z-pinch, which is an
infinitely more complicated task. Our main concern is a correct bookkeeping of energy
and magnetic flux in a not-too-complicated quasi 1-D description. We hav.e shown above
that model equations satisfy the basic conservation laws independently of the smallness
of the parameter R, /r, which, for this type of a model, appears to be a sufficient
justification even slightly beyond its formal limits of applicability. Of course, dissipation
of magnetic flux near the axis, where R, / r tends to infinity, requires a separate
consideration. Note, however, that the bubbles reachin g the axis have already converted
most of their initial energy to the plasma, see Eq. (12).

From (21), (30), (31) we find the energy source for the enhanced dissipation:

11dd, 20w I 2 (7R, \" 22\ 1
w T Toal . R 5| [eR+E Zr 2
c dt l1-a|, gy R 1-a| R p rn € R

For an accelerated plasma shell, 8=1%/uRc?; fora pinch column in a Bennett
equilibrium (5), 2p/p = I*/ uRc?. Replacing the expression in parentheses in (32) by

I* / uRc? for all cases, we transform (32) to an expression equivalent to Eq. (13) of Ref.

3 1/2
Pr=g—l_ wherec=|2¢| (®R)"] (33)
PR -], | R

5:
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The expression for { represents the boundary condition at r = R(¢) that has to be

externally supplemented to the model. The value of ¢ at the pinch boundary means the
effective fraction of the pinch length occupied by the incoming bubbles. It cannot be
equal to unity (otherwise we return to a purely 1-D situation), but should not be much
less than unity, either, since the bubble penetration is an instability-driven process over

all the pinch length. The same could be said about the ratio R, /R at the pinch surface:

the hubbles whose radii are too small move slowly and are absorbed by larger bubbles.
The dimensionless constant { must be expressed via the macroscopic pinch
characteristics, which are, in the limit Rm>>1, I, [, R, and y, and fundamental constants.
Since no meaningful dimensionless combination could be constructed of these (the

dimensionless ratio I/1,, where I, =m,c’/e=1TkA is the Alfvén current, is hardly

relevant here), we have to assume this coefficient to be a constant. Physically, this
assumption is equivalent to a hypothesis that the processes responsible for enhanced
dissipation develop in a similar way in all Z-pinches with Rm>>1. This hypothesis is
consistent with the idea that after stagnation the m =0 instability 1s highly active and yet
does not disrupt or destroy the pinch column. The late nonlinear stage of most hydro
instabilities is characterized by some universal, self-similar laws of asymptotic behavior,
loss of memory about the details of initial conditions (for classical RT and Richtmyer-
Meshkov instabilities, cf. Ref. 18). In our case, the early- or intermediate-time
perturbation growth, which is certainly affected by the gas-puff irregularities, or the wire
initiation process, the number of wires and the width of the inter-wire gaps, the (still not

fully understood) stabilization mechanisms in the nested wire array loads, 1913 45
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supposed to determine the final pinch radius R , at stagnation (for a more initially
uniform or otherwise better stabilized load, R , would be less), which is maintained long

after the memory of these details is lost. Of course, this is a hypothesis (not yet a theory!)
which should be tested both in experiments and in simulation. Reasonable choice of the
constant { involves a certain degree of arbitrariness. For instance, combinations

=1/5 to 1/4 and R, /R =1/4 yields the value of ¢ between 0.44 and 0.59. In what
follows, we will postulate ¢ =1/2, in much the same way as the dimensionless

coefficient 1/16 has been postulated in the expression for Bohm diffusion.?’ Then we

come to the final form

Il 1 PP(MA)(cm)

= =— 34
™ 2uM™ER T2 M (ug/em)R(mm) G4
which corresponds to effective additional non-linear resistance
i I(MA)I(cm) Ohm. (35)

2R 24" (ug/em)R(mm)
To clarify the physical meaning of these expressions, let us compare them with

those describing conventional mechanisms of energy coupling. Note that we can re-write

Eq. (34) as
=— A 27RI, (36)

which simply says that magnetic energy, whose density at the pinch boundary equals

B* /87 =1"/2ncR?, is carried by the bubbles into the pinch volume through its surface

area 27R1, at the characteristic speed which is of order of, and slightly less than, the
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Alfvén velocity v, . Similarly, the power that goes into the acceleration of the plasma

shell could be presented as

P, =—7-r--(——)- 2RI, G7)

P, =—- —2.21Rl. (38)
yi4

From (1), we find that the peak velocity of the shell is v M/2a In(R; /R ) =2v,,

that is, somewhat higher than the velocity v, /2 characteristic of the enhanced
dissipation. Therefore the enhanced dissipation contribution is relatively small during the

run-in phase. Near stagnation, when the radial velocity R drops, P,, starts dominating

over B, . Comparing Ohmic and enhanced dissipation power, we find:

m

P 6 (Rm "2
ean__ Y40 - L >>1latt~t,, (39)
Py, 2v 4 t,

see (4). We see that the enhanced dissipation dominates at stagnation, in the “codking”
regime, since the velocity v,, /& characteristic of the magnetic diffusion is much less
than v,. Note that the P,,, is the energy delivered to the plasma column per unit time in
the form of magnetic bubbles. Actual dissipation of this energy, its conversion into the
thermal energy of the plasma, occurs with a delay of order of 7,, as the bubbles lose their
magnetic energy while moving to the axis.

The next step in advancing the model of a foam-like Z-pinch plasma described by
Eqgs. (14)-(20), the enhanced power source (34) and the corresponding non-linear

resistance (35), is to develop a 1-D radiative-MHD code to solve these equations coupled
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to the appropriate equations that describe ionization dynamics and radiation generation
and transport. These also have to be appropriately modified for a foam-like plasma, to
take into account, for instance, that the actual plasma density, p, is higher outside of the
bubbles than p(1-¢), the volume-averaged value at this point, which affects both
radiation emission rate and opacity. This work is now under way, and results will be
reported separately. In what follows, we analyze whether the available experimental data

and simulation results support the main assumptions on which this model is based.

IV, Implications of the model
A. Enhanced dissipation in experiments and 2-D simulations
To compare the power scaling given by (34), we show in Fig. 2 the peak total

radiation powers observed in experiments on Saturn'®'? and Z3 versus the quantity

I Zl 12u"*R ;- The correlation between the two variables appears to be quite impressive.
It helps to demonstrate the dual role of the RT and MHD instabilities. On the one hand,
the instability mitigation techniques, like the use of nested wire arraysw'13 help producing
tighter pinches, thus increasing the enhanced dissipation power at stagnation, which is

inversely proportional to R, . Figure 2 demonstrates that, all the other parameters being
equal, the peak radiation power scales as 1/ R s - On the other hand, the enhanced energy

deposition is driven precisely by the development of the same instabilities. We come to
the following important conclusion: Effective PRS operation (in contrast, e. g., with laser
fusion®') requires achieving an optimal trade-off between mitigation of instability and
em_plo&ing the instability-driven energy deposition, rather than a complete suppression of

the instabilities.
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The combination I21/2¢’y'"*R, should be regarded as a scaling parameter rather
than an estimate for the enhanced dissipation power at any given instant. Indeed, the
current decreases due to increased inductance during the implosion, so that the pinch

current is not equal to the peak current amplitude, /,,, when R =R, . We can compare

(34) directly with the powers observed in recent experiments and obtained in the
simulations. Consider, for instance, the Z26 shot simulated in Ref. 6. According to this
simulation, the peak power delivered to the pinch by the JxB forces is about 80 TW,
whereas the peak power delivered to the pinch in the form of kinetic energy, dE,. /dt,is
about 35 TW. The remainder, mostly pdV-generated power of 35 to 45 TW, could be

accounted for, if we substitute into (34) ¢ =2mg/cmand R, =0.75mm , the observed
value. Then P, =35 to 45 TW if the current is bétween 10.5 and 11.5 MA, whichisa
~ fair estimate of the Z current near stagnation. Taking the pinch confinement time 7 for:
726 equal to the width of the radiation pulsc,6 Tewiy =7-9 DS, one estimates the energy
coupled to the pinch via the enhanced dissipation mechanism as E,,;, = P Tewinv = 300

kJ. Subtracting this value from the difference between the total yield, Y =1800 kJ, and
the above estimate of the energy coupled to the pinch during the implosion/compression
phase, E, =1250 kJ, we find the remainder, 250 kJ, to be very close to contribution of
the Ohmic heating obtaihed in the 2-D simulation.® We can conclude that for the short-
pulse Z implosions, contribution of the enhanced dissipation to the total yield is |
important, although not dominant.

In another example, we can test the scaling of P,,, with the pinch length, I All

other parameters being constant, P, is simply proportional to /. In a recent ex’periment22
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the length of a Z load was decreased by a factor of 2, from 2 cm to 1 cm. According to
the estimates of Ref. 22, decreased inductance of the load unit resulted in increasing the

peak current /, by a factor somewhere between 1.15 and 1.34 (the latter number
corresponds to estimated increase of current at stagnation). This would decrease the
kinetic energy estimated from Eq. (1) by a factor from (1/2)x1.15% to (1/2)x1.34? =
0.66 to 0.9. The observed total x-ray yield did not decrease at all. Since the line mass of
the shortened Z-pinch load has been increased by 30%, the combined effect of mass and
current variations on the value of P, results in the factor of (1/2)x1.34* /{13 =1.06,
which means that the enhanced dissipation power does not change at all. This is
consistent with the experiment® that demonstrated no change in the peak radiation power
emitted by the shortened load. The small decrease, in E, in this shorter length experiment
may also have been compensated by an additional contribution from enhanced dissipation
as a result of increased confinement time.

In the GIT-4 tungsten experiments at 41 = 370 pg/cm [8], substituting the
observed value of R s =0.42 mm into (2) and multiplying the result by the observed
confinement time, 30 ns, we obtain the enhanced energy deposition 25 kJ, quite close to
the difference between Y and E, , see Table 1.

In Saturn short-pulse experiments with tungsten wire arrays,'° the total radiated
energy exceeded the 0-D estimate of kinetic energy by about 300 kJ, that is, by a factor of
~3. The current amplitude was varied in the range 6.4 to 6.6 MA, line mass between 450
and 614 pg/cm, pinch radius at stagnation from 0.45 to 0.8 mm, and the pinch

confinement time can be estimated from the width of the radiation pulse as about 13 ns.
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For these parameters, Eq. (34) yields P, in the range between 15 and 27 TW, that is,

around 20 TW. The total energy coupled to the pinch via the enhanced dissipation
mechanism is therefore estimated as ~20 TW x13 ns = 260 kJ, quite close to the
experimental value.

In the long-pulse Saturn experiments with tungsten wire a.rrays,11 the ratio of

observed radiated yield Y to the 0-D kinetic energy E, was 3.5. Some results of these

experiments are summ-rized in Table 2. For all shots, the pinch léngth was 2 cm. The 0-

D kinetic energy E, was found for all shots using the Saturn circuit model rather than Eq.
(1). In calculating P,,, the pinch radius at stagnation was taken 0.5 mm, as inferred from

the x-ray images of Ref. 11. The yield ¥, corresponds to the energy emitted during the
first radiation pulse, to be consistent with thé above value of the pinch radius. The
agreement between E, + E_, and Y, is found to be.quite good, except for the two shots
with the highest load masses. It is not clear, however, whether our estimates are
applicable to the latter cases, for which the observed implosion times were considerably
longer than those predicted by the circuit model."!

In the long-pulse Saturn experiments with aluminum wire arrays,'* the excess of
the total yield over the 0-D kinetic energy for the best shots was even higher, up to (1160
kI/(280 kI) = 3.8.. The data first reported in Ref. 12, which will be published in detail
elsewhere, was obtained in collaboration with C. A. Coverdale using calibrated
bolometers in the same way as done for tungsten in Ref. 11. Substituting parameters of

these experiments (current from 7 to 8 MA, line mass from 328 to 957 pg/cm, pinch

radius at stagnation ~1 mm) into Eq. (34), we find that P, varies in the same range,
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between 15 and 23 TW. The increase in the total radiated energy in these long pulse
experiments compared to the experiments'? is basically due to increased confinement
time, about 30 ns for the first radiation pulse. A similar estimate of the dissipative energy
coupled to the long pulse pinch yields ~20 TWx30 ns = 600 kJ, again very close to the
difference in experimental radiative yield and 0-D kinetic energy.

It is interesting to compare the resistance (35) to the values of enhanced resistance
employed in Ref. 23 to match the experimental results of argon gas-puff implosions on
Double Eagle. There it was found that a simple multiplication of the classical Spitzer
resistance by a large constant factor was not sufficient to match the experimental results
because of the fast decrease of the resistance with increased temperature; The best fit was
achieved if the resistance was assumed to correspond to a constant ciectron temperature
~20 eV. Evaluating the electron temperature that would make the classical resistance

equalto &7

enh

for parameters of these experiments (I,=3MA,l=4cm, pn =100 pg/cm,
R, from 1.5 to 2 mm), we obtain the values in the range from 18 to 27 eV, very close to

the above estimate.
The 2-D simulations demonstrate decrease in the inductance of the imploding Z-
pinch compared to the 0-D slug model (Fig. 14 of Ref. 6), which appears to be consistent

with experimental data. Since the thermodynamic free energy24 for arbitrary distribution
of a given current I is & =—LI%/2¢?, the JxB forces are always directed so as to
increase the inductance L, thereby decreasing .% . How could additional degrees of
freedom in 2 dimensions lead to decreasing the inductance L rather than m'ake it increase
even faster? The concept of rising magnetic bubbles helps understand this. As the bubble

is formed [Fig 1(a)], magnetic flux is supplied to it directly from the power source, and



the inductance of the load increases accordingly. However, as soon as the current
reconnects, and the fully formed flux tube penetrates into the pinch column, it is also
disconnected from the driver [Fig 1(b)], decreasing the volume where the driver current
creates magnetic flux, and thereby, decreasing the load inductance. The nonlinear
resistance (3) exactly corresponds to the rate of magnetic flux losses from the driver

circuit to the magnetic bubbles: 192, = (1/c)(d®, /dr).

Analysis of these and many other examples demonstrates that our expression (34)

for the enhanced dissipation power P, is consistent with the available experimental data

and simulation results. This agreement adds credibility to the physical assumptions of the
bubble model from which the formula is derived. In what follows, we apply this formula
to reconsider an old problem of power balance in a steady-state Z-pinch, and to analyze a
new challenge of producing K-shell radiation in long-pulse Z-pinch implosions.

B. Power balance in an equilibrium Z-pinch

Consider a steady-state Z-pinch in pressure (Bennett) and power balance, where
radiation losses are exactly equilibrated by Ohmic heating. Then the classical Spitzer
expression for the heating term leads to a single characteristic value of current at which
the equilibrium is possible, 1,;, the well-known Pease—Braginskii current.” In Section
III.B we have shown, however, that the enhanced dissipation (34) dominates over the
Ohmic dissipation over the whole relevant range of Z-pinch parameters. In view of this,
the conditions for power balance in a steady-state Z-pinch have to be reconsidered.

Following Ref. 235, let us assume that radiation losses from the pinch are primarily
due to bremsstrahlung, which is the case for fully stripped hydrogen or other low-Z

plasma that does not emit any lines or recombination radiation. The power of .
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bremsstrahlung radiation losses from a fully ionized, optically thin Z-pinch plasma

column is estimated as

=l_6_ 2_7L' 1/2 ZsecnzTcuz. R21=i i, 1/2 7 ’ /.tzTe“zl @)
em 303 mch 3137 | m*mic’n R
Let us assume the power balance, B, =P,,, and express the equilibrium electron

enh ?

temperature 7, in (40) from the Bennett equilibrium condition (5), where we assume
Z =Z,asin the original analysis.” In contrast with the case of classical Ohmic heating,
the radial dependence of the enhanced dissipation (34), o R™, is different from the

radiative power, «< R, Consequently, the pinch radius now enters the equilibrium
condition, making the equilibrium possible for any values of current and mass. The

equilibrium condition can be presented as

33/4”1/4(memu)3/4(Ch)1/2(1+Z)l/4Ile/2
7/14 3~3/4
27z (41)

#eq(lm’R’Z) =

1+

374
VA

=332 I1,,(MA)R"?(mm) ug/cm.

As seen from (41), the equilibrium condition is fairly close to the relevant range
of the experimental Z-pinch parameters. For instance, taking a fully ionized neon plasma

(Z = 10) “cooking” in an equilibrium at I, =18 MA, R=1mm, we find:
K., =1940 pg/cm . This corresponds to a Bennett temperature of 1.58 keV, which is
consistent with the full ionization of neon. Since Poms < R and P, o« R™', the power

equi]ibrihm in an optically thin Z-pinch is unstable: e. g., a small increase R of the pinch

radius causes P, to decrease less than B, thus creating an imbalance in favor of
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heating and further expansion. Consequently, a pinch with line mass u > 4, for a given

I,, and R is predicted to collapse, a pinch with y < 1, - to bounce.

Note that, similarly to the case originally analyzed by Pease and Braginskii,25
existence of the equilibrium does not guarantee that we can organize the implosion to a
given final radius, say, 1 mm in such a way that the pinch does not bounce. Otherwise, a
bremsstrahlung-only PRS powered by the enhanced dissipation could have been an
attractive option, particularly for generating harder x-rays. At the moment, however, such
a PRS design does not ‘appear feasible because a fully ionized high-Z plasma is more
likely to bounce from the axis (since the rate of radiation losses is not high enough to
ensure inelastic implosion) than to remain stagnated near it. It would be instructive,
however, to use the above formulas for estimating the parameters of bremsstrahlung-
only PRS. These results are interesting as the worst-case estimates for the driver
parameters required for producing the given amount of x-ray energy in the given spectral
range at a given efficiency. Presumably, the requirements on the pulsed power driver will
be less demanding if more effective line radiation mechanisms are used to provide the
desired x-ray output.

Since the spectrum of thermal bremsstrahlung radiation is exponential,

J,dw o< exp(—h@/T)d@ (the temperature is expressed in energy units), we conclude
ﬂlat the fraction 1 of thé total energy emitted by the optically thin pinch in the spectral
range 7@ > E is estimated as 11 =exp(—E/T,), where T, is the Bennett temperature (35).

Therefore,

- o=k
In(l/7)

(42)

2Q



On the other hand, to make the bremsstrahlung emission most effective, we must have Z

as high as possible, which leads to an estimate

T,=1,7", (43)
where I, =13.6 eV is the ionization energy of hydrogen. Substituting (41)-(43) into (5),
we find the following estimates for the pinch current 7, line mass U, ion and electron

densities, n; and n,, enhanced resistivity per cm, <2

enh

and the resistive voltage drop,
U....» that correspond to generating a fraction 7) of the total radiation in the spectral range

ho > E by bremsstrahlung mechanism in a “cooking” quasi-steady Z pinch of radius R

powered by the enhanced energy dissipation:

3/4 172
1=109 5 KVIR (mm) 44
ni/mF :
E'?(keV)R(mm)
1 =1240 cm, 45)
- fna/ml® © ¢
21 22 172
= o LB ) @
172
@, =0.155—L (,kfv) Ohm/cm, @7)
[int/m)}" R(mm)
E5/4(kev)
U,, =1.69 MV/cm . (48)
g [In@@/mF"* R (mm)

Parameters char#cteristic of such PRS regimes operating at the efficiency 5% and
10% for hw >2 keV, 4 keV, and 13 keV, are shown in Table 3. These are indeed seen to
correspond to the worst-case scenario of x-ray generation: production of Al, Ar and Ti K-
~ shell radiation at the same level of efficiency on Saturn and Z was possible at lower

current levels at stagnation than 8 and 13.5 MA, respectively. Therefore, it would be
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reasonable to expect &at production of x-ray radiation in the spectral range 13 keV at 5%
efficiency is possible at current levels below 32 MA.

If the radiative energy losses, as happens in most cases, are determined by
mechanisms different from bremsstrahlung, then the equilibrium condition (41) should be
modified appropriately. Our above conclusion that the power balance is possible for any
pinch current obviously remains valid. Whether the corresponding equilibrium would be
unstable, as described above, depends primarily on the opacity of the pinch plasma. If the
pinch were optically thick, so that a substantial fraction £ of its radiation was trapped,
then an increase R in the pinch radius would cause the optically thick radiation losses to
increase proportionally to the increased surface area of the pinch, that is, by €6R/R . On
the other hand, the opticaﬁy thin radiation losses would decrease as —(1—¢€)-26R/R,
making the total variation proportional to (3€ — 2)8R/ R . If this exceeds the variation of
the enhanced dissipation with SR, — S8R/ R, then the imbalance would be in favor of
radiation losses, causing the pinch to contract back to its initial equilibrium radius. The
condition for this is £ >1/3. In other wordé, if £he pinch were optically thick for more
than 30% of its radiation, then the steady state corresponding to the power balance would
be stable. Indeed, calculations of radiation losses in a krypton Z-pinch in the temperature
range from 0.4 to 2 keV with line opacity taken into account®® demonstrate that for a
given value of [ the totai emission power can decrease with increased R slower than
1/ R, cf. Fig. 3 of Ref. 26.

C. K-shell Plasma Radiation Source powered by enhanced dissipation

The imploding Z-pinches used as plasma radiation sources are copious sources of

x-rays in the range up to several keV that corresponds with the K-shell emission of argon
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and titanium."*’ Optimal K-shell PRS load design is based on the zero and one-
dimensional analyses7'28'3° that lead to a requirement that thé kinetic-energy-per-ion in
the imploded plasma must be high enough to provide efficient conversion of kinetic
energy into radiation. According to the 1-D analysis, the main energy source for the K-
shell radiation is the kinetic energy, which must be converted into thermal energy at
stagnation rapidly enough to provide ionization to He- and H-like states before too much
energy is lost through softer x-ray emission.

The kinetic energy (1) of the imploding plasma, available for conversion into

thermal energy and then to radiation, scales as m.(R,/t)* /2, where R. is the initial
radius of the pinch, 7 is the current rise time. For effective K-shell radiation, the kinetic
energy must exceed the threshold energy E, needeéd to strip the ion down to the K-shell,

by a factor of 77 ~ 2.5 to 3. Therefore, the ratio R, /T scales as ynE, / m, . Advancement

to higher energy of x-rays involves using high-Z materials. Since E, scales as ~ Z>%?,
see Ref. 30, m; scales as Z, and the energy of the K-shell quanta 7w scales as Z?2, we find
that R, scalesas T(hw)**°. If we need to generate harder x-rays (increase %), and want
to use for this purpose a low-cost, long implosion current driver (increase 1), then the
initial radius R;of the imploded shell should be increased accordingly. This means a

stronger distortion of the shell by the RT instability during the run-in phase,’! which

might result in a low quality of implosion, producing little or no K-shell radiation at all.
The above problem could possibly be mitigated if we consider an alternative

power source provided by enhanced dissipation. Let fast thermalization of kinetic energy

of implosion produce rapid ionization. However, once the K-shell plasma has been



produced in the Z-pinch, it could be maintained in a quasi-steady state by continuously
coupling the magnetic energy to the plasma column via the enhanced dissipation
mechanism. Then the pinch would be “cooked” near the axis for a long time, producing
K-shell radiation. The enhanced dissipation mechanism could also be used to facilitate
ionization to the He- and H-like states, if a pinch of a relatively large mass is imploded
from a small radius at an earlier stage of the current pulse rise. Then both electron-ion
temperature equilibration and ionization would take place in a denser plasma,

characterized by a larger “confinement parameter” nt, o u**/IR.

The recent results on long-pulse Al implosions on Saturn' provide some
indications that the K-shell emission in the “cooking” regime is possible. Lﬁf us find out
whether the enhanced dissipation (34) indeed represents a sufficient enei‘gy source for
maintaining the inner core of the “cooking” plasma column in the K-shell ionization
state, thereby producing appreciable K-shell yield.

We simulated evolution of an argon plasma column, using the 1-D radiative- |
MHD code described in Ref. 29. The code was modified to include the enhanced
dissipation energy source in the simplest way, by distributing the additional power (34)
uniformly over the plasma mass. This kind of simulation, though not a self-consistent
treatment of the foam-like plasma described by the model of Section I, appears to be
accurate enough for the proof-of-the-principle estimates.

Running the cod‘e for an argon pinch driven by the Double Eagle circuit, we have
verified ﬁat the additional resistance (35) plays a minor role before stagnation, as
explained in Section IILB, so that the pinch peak current and the implosion time remain

in agreement with the experimental data, as they were without the extra term.Z? Then a
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series of runs was done for a plasma column carrying a constant current [ =1, =4 MA,

and starting from a Bennett equilibrium at R =3 mm . The results are presented in Figs.
3-5.

Figure 3 shows the time history of the pinch parameters for a low-mass plasma
column, £ = 100 pg/cm. After some early bounces, the column expands, as expected
from the results of Section IV.B. The enhanced dissipation decreases, and so does the
radiation power, due to decreasing density. Plasma temperature remains approximately
constant, ~2 keV, quite close to the Bennett temperature for the given current and mass,
1.67 keV. Conversely, high load mass y = 400 pg/cm produces much higher radiation
losses (Fig. 4), which results in a radiative collapse of the pinch, whose temperature
remains below 200 eV, considerably less than the Bennett temperature.

The efficient quasi-steady conversion of magnetic energy into K-shell radiation in
the “cooking” regime is achieved for the optimal choice of the load mass, u =200 pg/cm.
Figure 5 demonstrates the pinch slowly contracting in 60 ns from the initial 3 mm radius
to the final 1 mm radius. The average temperature stays close to the Bennett value, 0.83
keV. The average K-shell power maintained during the last 50 ns is about 0.8 TW/cm,
which corresponds to a very substantial K-shell yield of 40 kJ/cm.

Of course, much more work is needed to provide a self-consistent numerical
analysis of the K-shell r;idiation generation in the “cooking” regime based on the model
of Section III. Still, the present numerical results demonstrate that the enhanced
dissipation mechanism described in this paper is a sufficiently strong energy source to
support a high-power K-shell radiator in a quasi-steady regime for tens of nanoseconds.

These results confirm a high potential of the additional energy source for K-shell PRS,
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which justifies further studies, particularly for the purpose of producing K-shell radiation

of high-Z elements in the long-pulse regime.

V. Conclusions

We have developed a quasi-1-D model of enhanced energy dissipation in a Z-
pinch, advancing the bubble model suggested in Ref. 5. Explicit formulas for the average
enhanced dissipation rate and the corresponding contribution to the resistance of the load
have been derived and favorably compared to the experimental data and simulation
results. We have demonstrated that the model shows promise of capturing the essential
physics of the enhanced energy deposition mechanism, which is a sufficient reason to
stimulate its further development. Typically, the energy coupling through this mechanism
contﬁbutes from 50 to 75% of the total Z-pinch energy balance. This mechanism of
energy coupling, which in the relevant parameter range always dominates over the
classical resistance during the stagnation phase, must be taken into account when the
power balance in a radiating Z-pinch is analyzed. Having re-done the Pease-Braginskii’s
type of power balance analysis 25 we have shown that a quasi-steady-state equilibrium is
possible for any pinch current at any radius, and that the cquilibri;lm Qould be stable or
unstable depending on whether the pinch plasma column is optically thin or thick to its
own radiation. The results of our 1-D numerical simulations clearly demonstrate the
feasibility of generating appreciable amounts of argon K-shell radiation in a quasi-steady
Z-pinch column powered mainly by the enhanced dissipation.

To advance further, a self-consistent treatment of the enhanced dissipation

mechanism in a simulation is needed in order to make more quantitative comparisons
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between calculations and experiments. This self-consistent model will help us investigate
the issue of pinch radii, both K-shell and.L-shell, that presently are not very well
reproduced in available simulations, cf. the discussion in Ref. 32. We believe that our
approach will help address one of the recurring issues of the Z-pinch physics that still
plagues both 1-D and 2-D simulations, the problem of radiative collapse. Recall that the

azimuthal magnetic field carried by the bubbles responds to transverse compression as an

ideal gas with ¥, =2, as explained in Ref. 24. That is, the bubble component of the

foam-like Z-pinch plasma is much stiffer than the radiating plasma component, whose
effective y is close to unity. Both saturation of the pinch column with the bubbles and
conversion of their energy into the thermal energy of the plasma add to the build-up of
the plasma counter-pressure, tﬁus tending to stop the collapse. Development of the fully
self-consistent 1-D radiation hydro code that accounts for the enhanced dissipation
through the bubble model described in Section I is presently under way.

Finally, we would like to highlight the fact that some of the basic physical
assumptions of the bubble model could be experimentally tested even before any
predictions made with a self-consistent 1-D code become available. First of all, the main
feature of the model is the concept of the pinch plasma as a foam-like medium saturated
with the bubbles containing axial magnetic field. Measuring the azimuthal magnetic field
inside the pinch could test this concept. Our prediction is that the magnetic field does not
decay near the pinch axis; rather, inside of the pinch column it remains of the same order
as the field near the pinch boundary.

Another possible test involves directly affecting bubble formation and penetration

to the axis in an experiment. Suppose that for given experimental conditions the observed
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pinch radius at stagnation is 1 mm. Let a 1-mm radius plastic cylinder be mounted at the
pinch axis, in the same way as done in the exp;riments on dynamic hohlraum. > Its
presence would not prevent the plasma from converging to about the same final radius.
However, when the pinch plasma is stagnated near this cylinder, no magnetic bubble
could penetrate through the plastic to the axis, coupling additional energy to the plasma.
Our prediction is that in this case the total radiative energy output will decrease by a
factor of 2 or more compared to the case when there is no obstacle at the axis. A fair
estimate for the radiative yield in this case would be the kinetic energy gained by the

plasma shell during the run-in phase.
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Figure captions
Fig. 1. Magnetic bubbles emerge near the pinch surface and converge to the pinch axis.
(a) A magnetic bubble is formed as a m =0 RT or MHD perturbation at the pinch

surface. The plasma closes back behind it, producing a flux ring that carries magnetic

flux and magnetic energy. (b) The magnetic bubble is driven to the axis due to both
curvature stress and buoyancy force. (c) The bubble, having approached the axis, still
carries the same amount of magnetic flux, but most of its energy has been dissipated in
the plasma.

Fig. 2. Correlation between the total peak radiation power P, observed in Saturn and Z
experiments, and scaled “cooking” power P,, =I.1/2c*1'*R, . The dotted line

correspondsto P, =P _,.

Fig. 3. Time histories of radiation power and electron temperature for a low-mass
carrying a current 4 MA (radial expansion).

Fig. 4. Same as in Fig. 3 for a high-mass argon plasma column (radiative collapse).

Fig. 5. Same as in Figs. 3, 4 for an optimal mass of an argon plasma column (efficient K-

shell radiation generation in a “cooking” regime).

43




Table 1. Typical parameters, estimated kinetic energies and measured total x-ray yields

for PRS experiments

Generator | Material | Ref. I, R l E, Y

MA) | R, [ em) | () | ()

GIT-4 w 8 1.5 6 4 10 30
DE Ar 9 35 |15 ] 4 80 140
W 10 66 | 20 | 2 157 | 450
Saturn W 11 8 25 1 2 250 | 750
Al 12 8 20| 2 230 | 1060
Z W 13 18 |25 | 2 ] 1250 | 1800

Table 2. Results of the long-pulse Saturn experiments with W wire arrays.!!

enh })rad TFW‘HM Ek Ea\h Ek + Eenh YFP

I, U P
MA) | (wgem) | (7w | (W) | @s) | &) | @) | ) (kJ)

6.2 710 18 49 7.5 170 | 134 304 368

7.4 1530 21 41 14 230 | 290 520 574

7.8 2160 20 40 14 260 | 286 546 560

7.9 2300 21 43 145 | 270 | 298 568 624

8.8 4609 20 30 15.5 | 316 | 311 627 465

9.1 6140 19 20 19 310 | 365 675 380
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Table 3. Parameters of bremsstrahlung-only PRS powered by enhanced energy

dissipation calculated for the radius of a steady-state Z-pinch R =1 cm. These could also

be interpreted as the worst-case estimates for PRS using more efficient radiation

mechanismes.
Scales ho >2keV ho>4keV hw>13keV
WIthR | n 59 | n=10% | n=5% | n=10% | n=5% | n=10%
as
1 (MA) RY2 8.05 9.8 13.5 16.5 32.8 40
U (ug/cm) R 1010 1160 1430 1630 2580 2950
T, (keV) R® 0.68 0.87 1.33 1.74 434 5.65
Z R® 7 8 10 11 18 20
n, (cm>) R™ 1.4-10*
n, (cm™) R 19.6-10" | 1.1-10” | 1.4-10%| 1.6-10% | 2.5-10% | 2.8-107
P (TW/cm) R® 0.41 1.39 1.64 5.55 17.3 58.6
27 (Ohm/cm) R 0.13 0.14 0.18 0.20 0.32 0.37
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II. Comparision of Radiative Properties and Stability of
Uniform Fill Versus Annular Shell Z Pinches

I. Introduction.

Since Z-pinches are very efficient radiators, there is considerable interest in applying them
to Inertial Confinement Fusion and to the production of x-rays above 3 keV.[1-3] For both
applications, high density, high velocity implosions are needed. The attainment of both
high velocities and densities requires large load diameters which, unfortunately, makes
these loads more susceptible to the effects of initial asymmetries , as well as to an increase
in the growth of Rayleigh-Taylor (RT) instabilities.[4,5] These asymmetries and
instabilities can broaden and disrupt the imploding shell thus increasing the radiated
pulsewidth and hence reducing the power. The broader shell will also typically produce a
larger diameter, lower density pinch which can greatly reduce the production of high

energy x-rays.[6]

For these reasons, the reduction of initial asymmetries and the mitigation of instabilities are
critical issues for future Z-pinch developments. Various techniques have been suggested to
reduce the growth of RT instabilities: snowplow (mass accretion) stabilization bciﬁg the
most favored. Gol’berg and Velikovich,[7] Cochran et al, [8] Velikovich ez al, [9] Douglas
et al [10] and Hammer et al [11] have all shown the theoretical viability of this technique
for ideal gas puff Z-pinches that employ a uniform or tailored gas distribution. As pointed
out by Cochran et al,[8] for the same initial radius, annular loads should have the optimum
coupling to the generator, and therefore, in the limit of perfect stability, should produce the
highest x-ray yields. However, the level of implosion asymmetry and instability can affect
the pinch temperatures and densities thus raising the possibility that the uniform fill loads

could radiate more effectively than the annular loads. This paper assesses which nozzle
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design, either annular or uniform fill, is optimal for producing high-energy photons for a
given element. Because there is a large variation in the flow characteristics of different
nozzles, i.e. differences in initial axial non-uniformity, it is difficult to separate effects due
to instabilities from those due to axial non-uniformity. The pre-ionization of the gas can add
yet ahother complication, as discussed by Rousskikh, et al.[12] In many cases, therefore,
large number wire array experiment.é are better suited for isolating effects due to short
wavelength instabilities in the radius-z-axis plane for annular implosions. Due to the axial
flow gradients, gas puff experimental results are highly dependent on the specific nozzles
employed because the annular loads are not really annular nor are the uniform loads exactly
uniform. However, for convenience in the remainder of the paper approximately uniform
fills will be referred to as uniform fills and approximately annular shells will be referred to
as annular. Nevertheless it is still worthwhile to compare the two nozzle designs because,
depending on the pulsed power driver, obtaining radiation in certain energy ranges is
currently best accomplished by the use of gas puffs. Our investigation is performed

. primarily by comparing experimental results with the two nozzle designs, and it is further

supported by idealized 1D and 2D detailed radiation-MHD calculations.

In initial experiments with uniform fill krypton gas puffs on the 8 MA Saturn generator, -
Spielman, e al [13] showed evidence that the instability growth was indeed reduced.
They also showed that uniform fill implosions were more stable, at up to 100 cm/ps
implosion velocities, than annular implosions with equivalent velocities. Those
experiments, however, did not directly address issues of implosion asymmetries and

instabilities, and their effect on x-ray yield and power as a function of atomic number.
This paper extends the analysis of the krypton gas puff experiments by focusing on

performance both in terms of stability and radiation output when thick-shell annular versus

uniform fill loads are compared with different atomic number elements. The implosion
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time was held constant at 703 ns, which had previously been determined as the optimum
for gas puff implosions on the Saturn generator. The routinely used 2.5-cm diameter
annular nozzle, with a 1 cm average shell thickness, and a 4.5 cm uniform fill nozzle were
tested. Their characteristics are discussed below. The 4.5-cm nozzle outer diameter was
chosen to give a center of mass at a diameter in the range of 2.5 to 2.8 cm, i.e. similar to
the annular nozzle. Ne:Ar and Kr:Ar mixtures were chosen to assess the effects of the
different atomic numbers. In Table 1 we list the shot parameters discussed in this paper.
The argon admixture was used for diagnostic purposes, specifically, it permitted the
measurement of the electron densities from spectral data taken with a high resolution

Johann spectrometer, as discussed in a paper by Wong, et al.[14]

In Section II the Saturn generator and the diagnostic suite are described. The Ne:Ar set of
experiments has shown that the x-ray powers and yields are higher from uniform loads
than annular loads (Sec. IIT). The complete set of experiments show that the x-ray power
is much larger for the higher atomic number loads e.g. krypton (Sec. IV), and that the
uniform fill loads produce higher densities and higher electron temperatures (Sec. V). We

discuss these results in Section VI and present our conclusions in Section VIL
II. The Saturn Generator and Diagnostics..

The experiments with gas puff loads were performed on Saturn which is a 36-module
pulsed power generator.[15] Typically, Saturn delivers 8 MA beyond the insulator stack
and 7.3+0.2MA into a gas puff load. Figure 1 shows the typical configuration used in this
experiment. This figure shows the four magnetically insulated transmission lines (MITL
feeds), the post-hole convplute which couples these lines together into a radial feed. This
radial feed region then connects to the load region through a small coaxial section. In

Figure 1, the gas puff valve is coupled to a 2.5-cm mean diameter annular nozzle. The gas
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puff valve is similar to those described in Reference 16, A solenoid is energized to lift the
drum off the o-ring seal thus allowing the gas to flow from the plenum into the annular
Laval nozzle. Gas flows from annular nozzles have been characterized in References 17
and 18, and are found to be annular only near the nozzle exit. The further away they are
from the exit, the more they expand, approaching a uniform fill near the anode. The anode
is composed of a wire mesh that is strung from the eight current return posts. The distance

from the nozzle output (cathode) to the anode is 2 cm.

Some gas flows from the nozzle into a small volume containing a charged trigger pin. The
breakdown of this trigger pin initiates the firing of the Saturn pulsed power generator. In
this configuration, Saturn is fired some 400 to 500 Us after the trigger pin detects the gas
flow (flow delay in Table 1) to allow the gas flow to achieve a steady state condition. By
varying the gas pressure in the plenum and the flow delay the initial mass of the gas shell
and zippering of the implosion along the axis can be controlled. In addition to the flow

delay, the annular nozzle is tilted inward by 7.5 degrees to reduce axial zippering.[19-21]

To achieve an approximately uniform gas density profile requires a careful nozzle design.
Figure 2 shows a comparison of the annular nozzle and a 4.5-cm-diameter uniform fill
nozzle. The uniform fill nozzle is much longer than a standard annular nozzle to allow flow

forenough radial transit times to ensure a uniform density profile.

These uniform fill gas puffs and nozzles have been characterized at the Naval Research
Laboratory using a He:Ne heterodyne interferometer. [22] Figure 3 shows the normalized
radial density profiles, using argon gas, for the 4.5 cm uniform fill nozzle at 0.85 cm
downstream from the nozzle exit at a flow time of 750 us and for the annular nozzle

1.1 cm downstream from the exit with Ar ét 700 ps. The density profile is relatively flat

for the uniform fill nozzle compared to the annular nozzle. The magnitude of the error bars
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is a result of error propagation in the Abel inversion with the limited number of chordal
cuts. The error bars are only shown for the uniform fill case since they are the same for the

annular nozzle.

Figure 4(a) shows the time history of the average density measured on the centerline at the
nozzle exit for the 4.5-cm-diameter uniform nozzle operating at 1000 Torr of Kr: t=0
corresponds to the breakdown of the trigger pin. The 450 ps delay to the start of the gas
flow is mainly due to the propagation time down the long nozzle. Optimization of the flow
time indicated that the best implosions occurred with delays of 600 to 650 s for the
uniform nozzles. However, since the density is still rising as a function of time, this leads
to a gradient in the mass per unit length as shown in Figure 4(b). The gradient is much less
for the annular nozzle due to the fact that this nozzle is fired during the constant pressure
phase of the gas flow. By scaling the interferometer measurements, we calculate (see
Table 1) that the mass loadings are 180130 and 290450 pg/cm for the uniform and annular
shots, respectively. Using the Saturn circuit model coupled to a zero dimensional
implosion model, we infer implosion masses of 200+40 and 300160 pg/cm from the
implosion time measurements for the uniform and annular loads respectively. The circuit
calculations also indicate that the implosion kinetic energies are in the range of 100 to

150 kJ.

The Saturn generator is well diagnosed electrically and an accurate circuit model exists to
calculate the effects on the circuit of the load dynamics. In particular, calibrated 0.2-mil-
thick NiChrome-shielded current probes are located at a 5 cm radius from the pinch: this
current is called the feed current. These probes measure the local rate of change of the

magnetic field (B-dot probes are integrated numerically to give current). The calibration
précedure involves placing the B-dots, which are mounted in the actual anode hardware,

into a structure that is fed by a known electrical pulse. These calibrations are accurate to
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better than 2%. Calibrated B-dots, which survive multiple shots, are also located in the
separate MITLs upstream of the convolute; these measure the current injected past the
insulator stack. The individual currents measured on each level at three locations are

averaged, then summed for the four levels to give the total MITL current.

A set of photoconductive detectors [23] provided our primary kilovolt radiation diagnostics
and a bare nickel bolometer[24] is used to measure the total radiated energy. Based ona
series of cross calibrations with various diagnostics, we have determined that the PCDs
exhibit calibration variations up to +15% so we quote a +15% error bar on our power and
yield measurements. The relative change over this shot sequence is better than this absolute
error. Figure 5 shows the transmissions for the filter sets used in these experiments. A
gated, gold-photocathode microchannel-plate (MCP) pinhole camera gave nine 100-[m,
100-ps space- and time- resolved images of the pinch. This camera is referred to as the
Large Format Pinhole Camera (LFPHC). This camera was filtered with 4-um of Lexan or
25.4 um of beryllium. Another gated MCP camera has two time-integrated strips plus ten
time-resolved strips, each with 2-ns pulse duration, gated 3 ns apart. This camera has a
magnification factor of 0.5 and is filtered with 8 pim of beryllium. This camera is called the
Standard Format Pinhole Camera (SFPHC). These pinhole cameras are similar to those

described in Reference 25.

III. Neon-Argon Admixture Annular and Uniform Fill Implosions

Figure 6 shows an example of the measured currents and kilovolt x-ray power from an
annular Ne:Ar gas puff implosion (Shot 2110). The measured MITL current (dashed

curve) is 9.3 MA with just over 7 MA reaching the load.(solid curve) The emitted kilovolt

x-ray pulse has a breadth of 18 ns with a relatively low peak power of 1.740.3 TW. The
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total kilovolt x-ray yield is 587 kJ and the bolometer indicated a total x-ray yield of
290+40 kJ. The total yicld exceeds the zero-dimensional implosion kinetic energy of 150
kJ that was calculated for a 10:1 compression ratio. This is likely due to some on-axis
heating as discussed by Peterson ez al. [26] and some PdV compression heating due to soft
implosions and precursor plasma as calculated, for example, in Refs.27 and 28. One
interesting feature of the measured x-ray power is the large pre-cursor that correlates to the
peak load current. In fact, some 20% of the kilovolt emissions are radiated during the run-
in phase. Spielman et al [15] observed this on the very first Saturn neon gas puff
implosions and explained it by the fact that the ohmic and pdV heating may be enough
during the implosion phase to ionize some of the neon into the K-shell. This fact also

makes the emissions from the imploding neon shell much easier to image.

In Figure 7 we compare the time-gated images recorded using the SFPHC filtered with (a)
25.4 pm beryllium (>800 eV) and (b) 50.8 um of kapton (>2000 eV). The softer
filtered image shows the imploding sheath at 60 ns whereas the >2000 eV image does not
show the imploding sheath. The imploding shell has ring lik_e structures and exhibits

<1 mm wavelength, non-linear Rayleigh-Taylor-like structures on the outer edge. The
estimated implosion velocity is 70 cm/ts. This annular implosion shows a 9 ns axial

zipper time and the intrinsic radiation time at any given axial location is about 6 ns.

Since the SFPHC has 1 ns gates, the blurring in the images can be as much as 700 pm
(70 cm/ps times 1 ns). The 100 ps resolution of the LFPHC gives much more detail of
the imploding shell and the plasma on-axis. In Figure 8, LFPHC images of an annular

implosion are shown. Clearly, these implosions are very unstable and asymmetric.

The kilovolt emission characteristics and the on-axis pinch quality and stability both

improved when the 4.5-cm-diam. uniform fill nozzle was employed. Figure 9 shows the
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measured kilovolt x-ray power and the measured MITL current for shot 2112. Comparing
this to the annular data in Figure 6, we note that the pulsewidth has decreased from 18 to
13 ns and the kilovolt power has more than doubled to 3.840.6 TW. To aid the
comparison, Figure 10 shows the x-ray kilovolt power pulses from an annular shot (2110)
and a uniform fill shot (2113). The total kilovolt x-ray yield is larger with the uniform fill
nozzle than with the annular nozzle; specifically the yield from the annular shot is 58 kJ
compared to 81 kJ with the uniform fill nozzle. A very large increase is observed in the
hv > 2000 eV emissions which include the Ar K-shell. Figure 11 illustrates the
differences in the higher energy PCD channels between the annular and uniform fill
nozzles. The >2000 eV emissions increased in power by a factor of 3 and the radiated
energies increased from 8+1 kJ to 2543 kJ. Table 2 summarizes the measured yields,
powers, pulsewidths and plasma sizes for all the shots listed in Table 1, including the

Kr:Ar mixtures that will be discussed in the next section.

This improved radiation performance can be correlated to the improved assembly dynamics
for the uniform fill nozzle. The >800 eV images for (a) an annular implosion and for (b) a
uniform fill implosion are contrasted in Figure 12. The uniform fill nozzle implosion
exhibits a low level of R-T instability on the outside edge of the imploding plasma and it
has a more axially uniform implosion i.e. a zipper time of approximately 3 ns. This is a
factor of 3 less zipper time than that of the annular nozzle. With a different tilt angle for the
nozzle, the axial zipper could be reduced further as discussed by Deeney et al.[21]
Potentially, less zippering could improve the implosion and assembly dynamics, but with
the present configuration, the power per unit length for the annular implosions was 1.5
TW/cm compared to 2.2 TW/cm for the uniform fill loads. In addition, the intrinsic
radiation time at a given axial location appears to be about 3 ns for the uniform fill nozzle

implosiohs. The axial emissions from the uniform-fill implosion are more uniform (20%
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variation versus 50% variation with the annular implosion) but the time-integrated pinch

diameters are about the same, as shown in Table 2.

From the time-resolved pinhole images, we can also determine that the pinched plasma
diameters are about the same for the two nozzles at the time of peak power. Figure 13
shows the pinch diameter versus time overlaid with the x-ray power pulses for both (a) an
annular and (b) a uniform fill implosion. Figure 13 also shows that the implosion times
were the same in both cases and that the uniform fill and annular implosion had very similar

pinch diameters at peak power.

The LFPHC data (see Figure 14) for the Ne:Ar uniform fill implosions show a marked
improvement in implosion quality compared to the annular case represented in Figure 8.
The imploding sheath has a noticé,able curvature i.e. an hourglass-shape, [10] which results
in the pinch occurring about 1 cm downstream of the nozzle and then zippering in both
directions; this is akin to the pinch phase of a dense plasma focus. The R-T instabilities
have wavelengths of 0.5 to 2.0 mm with amplitudes of 1 mm or less. These

improvements are consistent with the predictions in References 7 and 10.
IV. Krypton-Argon Admixture Annular and Uniform Fill Implosions

We chose Kr gas puffs to test the performance of uniform fill loads with higher atomic
numbers. For the Kr:Ar admixtures, the mixture ratio of argon was increased to 50% , i.e.
the number of Ar atoms was equal to the number of Kr atoms, to attempt to keep the
number of argon emitters in the same range as in the Ne:Ar experiments. The Kr:Ar
admixtures showed a large difference between the annular and uniform fill nozzles. Figure
15 _dcpicts the measured currents and x-ray powers for (a) an annular implosion and (b) a

uniform fill implosion. In Figure 15(a), we can see that the annular implosioh has a peak
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power similar to that of the annular Ne:Ar implosion of just under 1.4 TW, even though
the Kr L-shell has a median photon energy of 1.85 keV compared to the 1.2 keV of the
neon K-shell. However, this energy difference manifests itself in two observations
different than in Figure 6. Firstly, the magnitude of the precursor is much smaller than
with Ne:Ar; specifically, the precursor emits only a few percent of the total kilovolt
emissions. Second, the pulsewidth of the kilovolt x-ray pulse is 10 ns which is shorter
than the 18 ns for the Ne:Ar mix. The x-ray power pulse from the uniform fill load is even
shorter . The calculated FWHM is 6 ns but the first peak has a width of 2 ns. These
pulsewidths are comparable to those obtained with the high wire number arrays, although

the x-ray powers are factors of two to three smaller than those of the wire arrays.[29,30]

The pre-cursor is still present with the Kr:Ar mix at lower photon energies. Figure 16(a)
shows the radiated energy versus time, as measured by the bolometers, for the Kr:Ar and
Ne:Ar uniform fill implosions. During the run-in phase, the radiated energies and powers
are approximately the same. At stagnation, Figure 16(b) shows that the Kr:Ar mixture
radiates 10.0+£1.5 TW. For comparisoh, the Ne:Ar shots radiated about 3.5 TW. The

- run-in radiation from the Kr:Ar is emitted at lower hoton energies, indicating a lower
temperature plasfna. This is evident in the fact that the PCDs filtered to measure 0.8 to

2 keV x-rays showed run-in radiation for Ne:Ar, but not for Kr:Ar. By contrast, the
unfiltered bolometers are measuring about the same emitted energies during the run-in,

hence we conclude that the emissions must be radiated at photon energies below 800 V.

The time-resolved, kilo-electron-volt pinhole images in Figure 17 show that the uniform fill
load produces a tighter, shorter lived pinched plasma than the annular implosions. The
uniform fill implosions [an example is shown in Figure 17(b)] produce plasmas with
a){i_ally-averaged diameters of 1.410.2 mm compareci to the equivalent pinch diameters of

2.130.1 mm for the annular loads, as estimated from the time-integrated images. For the
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uniform fill load, the intrinsic radiation time at a given axial location is less than the 3 ns
interframe time of this SFPHC instrument. By comparsion, the annular implosions had 6

ns intrinsic radiation times for a given axial location with an axial zipper time of 6 to 9 ns.

The LFPHC images,(Fig. 18) which were filtered with 4 um of Parylene_N to make the
imploding sheath more visible, show very little evidence of RT growth for the Kr:Ar
uniform fill implosions. This thin, low atomic number filter transmits x-rays between 180
and 280 eV where the krypton radiates well during the implosion, remembering that no
emissions are seen in the keV filtered detectors during the run-in. To ensure that the Kr:Ar
was imploding at the same velocity as the Ne:Ar implosions, we analyzed radial lineouts
which are plotted in Figure 19. The limb-brightening is evident in the frames at 63 and
65.5 ns and the radial motion of these features correspond to a 70 cm/ys velocity. Just
prior to stagnation, the implosion curvature is evident, and any RT structure has long
wavelengths (2 to 3 mm) with small amplitudes i.e. less than 1 mm. The final diameter of
the Ar:Kr uniform fill loads was substantially smaller than that of the Ar:Ne experiments.
This could largely be a consequence of the greater radiative cooling from krypton than
neon. A case can also be made that the smaller implosion diameter of the Kr load may
partially be due to inhibited RT instability growth. This inhibited growth may bea
consequence of a plasma sheath that is broadened by current diffusing further into the
plasma because of the higher resistivity and lower temperatures (greater on-axis radiative
cooling rate) of the higher atomic number plasmas.

Arguments in support of this effect will be discussed in more detail in Section VI where
we compare the results from the different implosions with two-dimensional and one-
dimensional radiation-MHD calculations. Prior to this comparison, we present the spectral

analyses that are used to infer the plasma densities and temperatures.
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V. Spectral Analyses

We have diagnosed the plasma conditions from our time-integrated spectra following the
Collisional Radiative Equilibrium analysis technique described in Coulter et al[31] and
Apruzese et al.[32] This technique involves self-consistently fitting the plasma size,
emitted x-ray power and line ratios to simultaneously infer an electron temperature and ion
density. This technique has been used to diagnose many Z-pinch experiments, and it can
be very useful as well at identifying gradients within the pinch and overall trends in pinch
properties especially when coupled with the use of dopants or mixtures [33,34] and used
with time-resolved data [35]. Furthermore, in these experiments we had the high resolution
Johann time-resolved spectrometer and Wong et al [14] have analyzed this data to
determine time-resolved electron densities and temperatures by Stark broadening and the

slope of the free-bound continua.

Figure 20 shows an example of the time-integrated spectrum from an annular Ne:Ar
implosion. The neon K-shell spectrum is dominated by the hydrogen-like lines and the
free-bound continua. The neon Lyman-alpha to helium-alpha ratio is 3.5. The argon
spectrum has a stronger Helium-alpha than Lyman-alpha line. From this spectrawe would
infer average electron temperatures of 450+50 eV during the emission time of the neon
lines, 500+50 eV during the emission time of free-bound continua and 1800+100 eV in
the region of plasma where the argon K-shell lines are emitted. The Johann spectrometer
data gave an inferred peak electron temperature of 1250180 eV from the slope of the neon
recombination radiation at the time of peak x-ray power[ 13]. For the uniform fill nozzle,
we measured higher average electron temperatures: 60050 eV from the neon lines:
600150 eV from the free bound continua and 1900£100 eV from the Ar lines. The
Jol}ann spectrometer also indicated that a higher peak electron temperature of

16004240 eV.[13] was responsible for the neon continuum emissions at the time of peak
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power. In Table 3, we tabulate the measured temperatures, densities and K-shell masses
for all the shots discussed in this paper. Clearly there are severe temperature gradients
present in these plasmas and large temperature excursions in time as indicated by the
widely varying temperature measurements. Similar gradients and time variations are also

routinely observed in wire array experiments.

Figure 21 shows an example of an Kr:Ar spectrum. The Kr L-shell spectrum shows the

various 3-2 and 4-2 transitions from Ne- and F-like krypton. The argon helium-alpha line
is the most intense with the Lyman-alpha being only 5% as strong as the helium-alpha line.
This line ratio would indicate an electron temperature of only 100050 eV in support of the

radiation cooling arguments made above.

From Table 3, we can see that: the uniform fill loads produce a higher density, higher
temperature plasma than annular loads even though they had the same predicted and
measured implosion times; the uniform fill loads with Ne:Ar achieve approximately 100%
of the neon mass contributing to the K-shell emissions compared to only a 60%

contribution for the annular loads..

VI. Discussion.

As stated in the introduction, gas puffs have unique flow characteristics, i.e. different
levels of axial non-uniformity that make it difficult to separate effects that are produced by
axial non-uniformities from those produced by to instabilites. Nevertheless, there has been
significant recent two-dimensional theoretical development that ties in with many of the
observations stated above. The following discussion on the results of one- and two-
dimensional modeling on x-ray output is given to help quantify the extent to which
imploding annular fill gas puffs deviate from ideal one-dimensional implosion behavior. It

should be noted that the two-dimensional calculations are themselves somewhat idealized
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since the initial gas flow conditions are not measured directly to be used as an input into the
calculations, rather the initial conditions are approximated, for example, to assess the
effects of curvature.

A. Snowplow and curvature RT mitigation.

The mitigation of the RT growth that is evident in the time-resolved

pinhole images of the uniform fill implosions was expected by theories put forward in
references 6 through 11, and reference 36. Basically, as the sheath implodes the mass
accretion reduces the growth rate, especially of the longer wavelengths, by preventing the
rapid mass loss out of the bubble. Roderick ef al [36] have compared annular and uniform
fill loads for Saturn using pure Kr. They concluded in their paper that RT instabilities are
seeded by the white noise spectrumof modes that are naturally present in the two-
dimensional ekpansion of gas from a nozzle. Furthermore, their calculations indicated that
the mass accretion, which is enhanced in the uniform fill nozzle case, reduces the RT

growth rates.

As reported by Douglas et al,[10] snowplowing is not the only mitigation mechanism at
work in the uniform fill cases. The mass flow associated with the presence of the sheath
curvature (the ‘hourglass’ shape in Figures 14 and 18) further reduces RT growth. An
example of this process is demonstrated in Figure 23 where the iso-density contours are
shown for two urﬁform fill krypton implosions, as calculated by the 2D MHD code,
MACH?2, using a simple emission model,[37]. The calculation in Figure 23(a), has an
initial axial configuration that is a rightcylinder. The other calculation, Fig. 23(b), had the
same mass but it had an initial axial profile that had an imposed hourglass shape with a 2.0-
cm outer radius at the waist and a 2.25-cm outer radius at the anode and cathode. The
hourglass shape 'results in mass flow from the axial midpoint to each end as the sheath

implodes. This mass-flow RT mitigation has been discussed in reference 10 and it has
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been shown, as in Figure 23, to advect the instabilities to the electrodes, so reducing their
effective growth rates. Axial velocity shear as an RT stabilizing mechanism has also been
studied in more detail.[38] Use of this mechanism was demonstrated to stabilize an

implosion from large radius.[39]

In the calculations by Douglas et al and in those shown in Figure 23, the arc that produces
the gas flow is imposed as an initial condition. It is believed that in the experiment that the
hour-glass shape results from the expansion fan and axial mass-per-unit-length variations
that are present with these uniform fill nozzles. Although the hour-glass shape results in a
long-wavelength mode (zipper), the RT stabilization does produce a locally more uniform

implosion.
B. Scaling of RT wavelength and amplitude with atomic number.

In addition to the stabilization mechanisms discussed above, clear variations in instability
growth have been observed for the different atomic mixtures used in these experiments.
This is most clear with the Ne:Ar and Kr:Ar uniform fills where the instability growth is
not too severe even with the lowest atomic numbers. Two-dimensional radiation MHD
calculations presented in Figure 24 indicate that increased atomic number implosions can
have improved stability. The three iso-density contour plots shown in Figure 24 are from
calculations of neon, argon and krypton uniform fill implosions with identical mass
loadings, initial temperatures of 0.5 eV and 5% random density perturbations. These plots
are generated at the same time during the implosion. From Figure 24, it is apparent that the
higher atomic number gases develop lower amplitude, longer wavelength instabilities. This
is a result of two effects. Firstly, the equation of state of the higher atomic number gases
allows for more free electrons to be produced. Secondly, the radiativc' cooling rates are

larger for the higher atomic number elements so they imploded at lower sheath -
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temperatures. The calculations indicate that the terﬁperatures are about 50% lower, on
average, in the Kr case versus the Ne case in Figure 24. The lower temperatures of the
sheath for krypton is consistent with the measurement of kilovolt emissions during the
implosion of the neon gas puffs versus the lower energy emissions seen with the krypton
gas puffs. The lower electron temperatures (Te) in conjunction with the higher Z-bars @)
increase the resistivity of the imploding sheath for the higher atomic numbers, which will in
turn increase the skin depth, noting that the skin depth scales as Z *° Te®”. As discussed
in reference 38, higher resistivities lead to more field diffusion, especially with uniform fill
loads, which have no defined shell thickness. The wider skin depth will tend to reduce the
growth rates of the shorter wavelengths. Since the shorter wavelengths grow faster, their
reduction significantly improves stability of the implosion. For thin annular loads, where
the shell thickness is less than the skin depth, such effects may be minimized. In a future
paper, calculations will be presented which will begin to quantify the RT effects observed
in the implosions discussed in this paper, however, it should be noted that the calculations
suggest that argon and krypton implosions are similar and both more stable than neon
implosions. This is consistent with the pulsewidth trend shown in Figure 22. On other Z-

pinches at lower currents, pre-ionization and breakdown differences may give other trends.

C. Effects of one- and two-dimensional behavior on the x-ray output.

As discussed in the introduction, the quantification of the effects on X-ray output of asymmetries and

instabilities in Z-pinch implosions are still active areas of investigation. Experiments have shown and

calculations suggest that 'implosion quality has a decisive effect on the total x-ray and kilo-electron-volt

x-ray powers.[6,26,35] While the corresponding yields may be less affected for low Z materials like

neon, the presence of asymmetries can significantly modify them as well, as demonstrated in the

zippering and non-zippering implosions described by Deeney, et al.[21] The size of the effects on

radiation of implosion asymmetries and instabilities are difficult to assess because these mechanisms

are predicted to localize the state of the plasma so that each plasma region has different radiation
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characteristics. For example, when an RT induced spike region of the pinch has an order of magnitude

larger density than that of a bubble region, it is also calculated to have a much lower temperature than

the bubble region.

In this section, we compare the experimental data with a sequence of four one-dimensional radiation
MHD calculations. These were originally performed to assess the degree to which these experiments
were influenced by the load parameters that were chosen, e.g. initial mass, mass distribution, and
mixture composition. However, these comparisons also make it apparent that the non-one-dimensional
behavior of the implosions largely controlled some of the experimental results, and that these
comparisons thereby allow one to begin to assess the degree to which the experiments were influenced
by the deviations from one-dimensionality. In contrast to the experiments, the initial fill profiles in the
calculations are truly uniform and the shell profiles were taken to have uniform density between 1.25
cm outer radius and 1.1 cm inner radius. In addition, in the shell calculations, there is an exponential
fall-off by a factor of 20 in density from 1.1 cm radius to 0.9 cm radius. These one-dimensional code
calculations have been shown to fairly accurately replicate the yields observed in high wire number
aluminum array implosions.[39,40] They also reasonably reproduce the total and K-shell powers as
well as the qualitative features of density and temperature gradients detected in the high wire number

Saturn aluminum experiments.

In Table 4, the results from a sequence of four gas puff calculations are shown. Listed are the total
powers, the 1-2 keV and > 2 keV x-ray powers plus associated yields, the pinch diameters,
temperatures and densities; and the x-ray pulsewidths. The temperatures and densities are mass
averaged over the argon K-shell emission region and time averaged over the > 2 keV FWHM pulse
duration of the emission. The first of these calculations corresponds to the experimental 2.5-cm-

diameter annular implosions of shots 2009 and 2110, which were 90:10 Ne:Ar mixtures with masses

of approximately 300 pg/cm each. The second calculation was taken to be a 2.5 cm diameter uniform
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fill load of 300 pg/cm consisting of a 90:10 Ne :Ar mixture. Cases 3 and 4 are uniform fill implosions
that correspond with the experimental 4.5-cm diameter shots 2] 12 (90:10 mixture) and 2113 (80:20

mixture), respectively. The mass of each of these shots is approximately 200 pg/cm. For the three

configurations involving Ne:Ar mixtures that were calculated, the results from the relevant
experimental shots are listed in Table 4, as well. The results for shots 2009 and 2110 are shown as a

single average.

The total calculated power from Case 1 was 24 TW/cm, which included 19 TW/cm of > 1 keV x
rays. The calculated total x-ray energy emitted > 1 keV was 63 kJ. These x-ray powers and energies
represent what one should reasonably expect from a truly one-dimensional annular shell implosion.
For example, the high wire number Saturn aluminum experiments, against which a similar set of

calculations were benchmarked, produced 70 kJ of K-shell emission and 20 TW/cm of peak X-ray

power from a 2.4 cm diameter aluminum, 300 Hg/cm, wire array. Given that larger pinch sizes and

lower total powers (2.4 TW/cm) were observed in the annular gas puff implosions than in the one-
dimensional calculations or in the large wire number, highly symmetric aluminum array experiments,
we conclude that the present experiments clearly indicate the non-one-dimensional nature of thege
implosions. Although the powers decreased, the greater than 1 keV x-ray yield still remained close to

the 63 kJ calculated yield.

Table 4 shows that the Case 2 uniform-fill distribution produces similar results to the Case 1 annular
load. Thus, these results are also indicative of the lack of one-dimensionality implosion behavior in the
experiments. The primary differences between Case 1 and Case 2 are that uniform-fill loads produce
hotter and less dense plasmas at stagnation. This results in substantially more > 1 keV photons
produced by the Case 2 distribution. From. a basic fluid dynamics standpoint, conservation of
momentum requires that the uniform fill distribution internalize about 22 percent of the JxB work

during the run-in phase for an initial to final radius compression ratio of 10:1. Relative to the annular



profile, the effect is to produce a hotter, lower density pinch during the run-in phase that then raises the
adiabat along which the pinch travels prior to stagnation. From a temperature point of view alone this

would give uniform fill loads a potential advantage for producing higher energy photons.

The zippering effects in the experiment can approximately be accounted for assuming that the
calculatéd FWHM of the radiation pulse should actually be compared to the intrinsic locally measured
radiation time of 6 ns instead of the 17.2 ns listed in Table 4 for shots 2009 and 2110. In this case, the
localized radiatived pulse FWHM is only about a factor of two larger than the calculated pulsewidth,
and the local power would be 6.9 TW/cm. This higher power would lead to a higher estimated
localized ion density of 13.5 x 10" ¢cm™. These modified numbers move the local experimental pinch
dynamics significantly in the direction of the 1D results. However, because of the nonlinear dynamics
of the machine-to-load energy coupling, it is difficult to tell from these locally estimated numbers
whether zippering is the predominant mechanism’responsible for the remaining deviations from the
one-dimensionally predicted x-ray performance. Such an evaluation would be best made with a 2D
code calculation that is first benchmarked in 1D against the high wire number aluminum array

experiments before the inclusion of a zipper.

At present, for fill loads, there is no experimental counterpart to the high-wire-number, highly
symmetric, array experiments that would allow one to reasonably assess the degree to which 1D
calculations can be used to predict the radiation performance of these loads. The reason for this
deficiency is that for gas puffs the initial gas distribution is inherently axially non-uniform. It is
difficult enough to estimate the amount of mass in a gas puff pinch let alone control and measure with
precision the initial gas distribution. The mass is usually inferred indirectly using circuit models and
implosion time measurements. Because of this inherent lack of knowledge of the initial conditions it is
difficult to design gas puff experiments that would allow one to directly benchmark 1-D calculations
against experimental measurements. One must attempt instead to establish a benchmark using high-

wire-number aluminum array experiments. Thus, we have used the same transport coefficient
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enhancements in the uniform fill calculations as were employed in the annular fill calculations, which

were benchmarked against large-wire-number aluminum array experiments.

One generally expects 1D calculations to predict pinch radii that are smaller than or equal to
experimental pinch radii and to also predict powers that are larger than the experimental powers. The
powers are expected to be nearly equal only for experimental conditions that are close to 1D. At first -
glance, a comparison of Case 3 with shot 2112’s results (see Table 4) reveals that thif power
relationship is nearly true. However, if one takes into account that the intrinsic radiation time for the
experimental fill loads is 3 ns, then one would find that the localized total radiative powers per
centimeter are 4-5 times larger than the 1.75 TW/cm values listed in Table 4. These powers/cm are
substantially larger than the calculated values. This makes sense, since it has been found that the use of
viscosity and heat conduction enhancements provides a way to model the effects of 3-D wire gap
spacing. Spacings can produce azimuthal asymmetries and they can lead to the generation of plasma
arriving on axis before the bulk of the plasma stagnates. These effects are not as likely to be present in
gas puff fill experiments.. The lower calculated powers are also consistent with the smaller
temperatures and larger stagnation densities present in the experiments.

Until a more direct uniform fill benchmark experiment is performed at relatively small radius, so that
RT effects are ostensibly minimal, it is difficult to determine how accurately a 1D calculation models
the local dynamics of a non-uniform fill pinch implosion. A substantially different dynamics takes
place in the uniform as opposed to the annular loads, since, a significant fraction of the JxB work is
internalized in the uniform loads during run-in. Therefore, until a benchmark is established, it may be
premature to definitely conclude that local powers seen with the experimental fill loads represent
significant deviations from 1D behavior because of non-uniform gas distributions or instability

growth.
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In spite of some yield discrepancies, the present model does agree with experimental
trends. For example, the calculations exhibit the same trends in pinch sizes, temperatures,
and densities as seen experimentally, and they show these quantities should not
significantly depend on whether the uniform fill load has a 90:10 mixture or an 80:20
Ne:Ar mixture. Likewise, the 1-D calculations are in accord with the experimental trends
that the 1-2 keV yield should decrease and the > 2 keV yield should increase as the mixture
is changed from 90:10 to an 80:20 Ne:Ar mixture. This is expected behavior because argon

is a better radiatior of > 2 keV photons than neon.

VY. Conclusions and Future Work.

The calculations that are described in this paper were carried out in correspondence with the
experiments described in this paper. However they primarily make it clear that gas-puff Z
pinch implosions are full-fledged two (and possibly three) dimensional radiation magneto-
hydrodynamic fluid problems. In the case of the annular flows, the Z-pinch discharge is
initiated in a pre-existing three-dimensional gas flow, and the improvement in the x-ray
performance of the pinch as the nozzles are tilted inwards demonstrates the inherent three-
dimensional character of the breakdown process. RT instability development is seeded in
multiple ways by the three-dimensional flow, and the implosion is highly non-uniform
along the pinch axis, transitioning from a shell implosion near the nozzles to more of a
snowplow implosion away from the nozzles. This mixed conglomeration of implosion
dynamics leads to the strong zippering effects seen in the axial x-ray emissions and to more
axial non-uniformities in the kilovolt pinhole pictures than are explainable solely in terms of
RT bubbles and spikes. Thus, in contrasting annular with more uniform-fill implosions,
one can expect, for a number of reasons, to find the sizable improvements in the pinch's

implosion uniformity and x-ray performance that were described in this paper.
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From the totality of the data and analyses presented above, it can be concluded that:

1) for the Ne:Ar and Kr:Ar admixtures, the radiated kilo-electron-volt energies and powers
are higher for the uniform fills rather than the annular gas puffs

2) for the Ne:Ar admixtures, the uniform fill loads produce slightly denser and hotter
pinches;

3) the total radiative power increased with the atomic number of the gases in the gas puff;
4) the uniform fill profiles, that are generated by the nozzles tested in this experiment,
appear to mitigate(i.e. reduce the amplitude) Rayleigh-Taylor instabilities; and

5) this mitigation of Rayleigh-Taylor instabilities appears to increase with the atomic

number of the gas puff load.

By an appropriate mix of detailed one- and two-dimensional calculations, we have
examined the roles of improved implosion stability, improved initial conditions and the
effects of the radiative and plasma properties of the gas mixtures employed. This leads to
the general conclusion, that uniform fill gas puff loads can result in implosions that are
more one-, or at least two-dimensional in nature. As a consequence they radiate higher x-
ray powers and in some cases more x-ray energy than the approximately annular gas puffs
that were employed. This is similar to the trends seen in the improvements with wire
arrays. In order to make future comparisons easier and to extend them to a wider range of
diameters, imporved annular profile and uniform profile gas injection systems should be

used.[40]
We wish to acknowledge beneficial discussions with M.G. Haines of Imperial College; and

D.L. Peterson of Los Alamos National Laboratory. We also would like to thank the Saturn
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Table 1.  The gas puff experimental parameters.

Shot  Geom. Nozzle Plenum Flow Neon Krypton Argon
Diam. Press. Delay (%) (%) (%)
(cm) (torr) (1s)
2108 A 25 4400 500 90 N.A. 10
2109 A 2.5 4400 500 90 N.A. 10
2110 A 2.5 4400 500 95 N.A. 10
2112 U 4.5 4000 600 90 N.A. 10
2113 U 4.5 4500 600 80 N.A. 20
2114 U 4.5 4500 600 80 N.A. 20
2115 U 4.5 1580 650 N.A. 50 50
2118 U 4.5 1500 650 N.A. 50 50
2155 U 2.5 1200 550 N.A. 50 50
2156 U 2.5 1200 550 N.A. 50 50

Table 2. X-ray yields, powers and plasma diameters.

Shot  Kilovolt >800eV  >200eV Total Total I-2keV  1-2keV >2 >2
FWHM  Pinch Pinch Yield Power Yield Power keV keV
(ns) Diam. Diam. ((4)] (W) ()] (TW) Yield  Power
(cm) (mm) ' (kD (W)
2109 16.0 2.680.2 3.440.1 300440 5.5+05 35 1.2 7 0.5
2110 18.4 2.8+0.2 3.540.1 290440 4.0+0.5 50 1.3 8 0.4
2113 13.6 2.540.2 3.5+0.1 180430 3.5+0.5 56 22 25 1.6
2114 14.4 2.6+0.2 32+0.1 180430 3.5+0.5 50 2.0 24 1.5
2115 6.0 1.0£0.2  2.240.1 230430 10.0+2.0 15 2.0 2 N/A
2118 6.4 14402 2.440.1 320440 13.0+2.0 16 1.9 2 N/A
2155 10.0 23402 3.440.1 230430 6.540.5 11 0.9 N/A N/A
2156 10.0 2.3+02 3.540.1 260430 7.840.5 20 1.4 N/A N/A
Table 3. . - X-ray spectral analyses.
Shot Neon Neon Neon Neon Argon Argon Argon IT
F-B Te B-B Te Ni mk B-B Te Ni mk Ni
V) €v)  (10%cm?) (pg/em) V) (10°cm?®)  (ug/em) (10" cm?)
2109 450450 375425 ¢ 8+2 140430  1800+100  0.5+0.1 7+2 8
2110 450450 450+50 72 160£50 1800+100  0.4+0.1 9+2 8
2113 600£100 600+100 943 160£40 1900100  1.0+0.2 14+3 12
2114 600+100 500+100 1043 150+40 1900100  1.0+0.2 16+4 12
2115 N.A. N.A. N.A. N.A. 100050 1.6+0.3 612 N.A.
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Figure 1. A schematic of the four magnetically insulated transmission lines(MITL)
coupled through a double post-hole convolute to 2 2.5-cm gas puff load.
- The anode—cathode length is 2 cm and the anode is formed from a wire

mesh.
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A comparison of the physical dimensions of (a) a 2.5-cm annular nozzle and

(b) a 4.5-cm outer diameter uniform fill nozzle.
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Figure 4.
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(b)

60 ns 63 ns 66 ns 63ns 72ns

Figure 7. Time-resolved images of 2 Ne:Ar annular gas puff implosion, shot 2110,
measured in two different x-ray eaergy ranges: (2) > 800 ¢V, and (b) > 2000
¢V. The interframe time is 3 ns and the tmage durations .are 2 ns.

66 ns 74 ns

Figure 8. Four images of neon annular gas puff implosion (s2210) recorded with 100-
Ps gate pulses for x-ray emissions greater than 800 V.
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Figure 9. The measured total MTTL current and the kilo-electron-volt x-r2y power for

2 neon uniform fill implosion.
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Figure 11.
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Time integrated plus five time resolved images for (a) an annulae implosion,
and (b) a uniform fill. The camera was filtered to record x-rays with energies
greater than 800 eV.
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Figure 13. Ovedays of the measured keV powers plus the measured pinch diameter (for
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Figure 15.

Figure 16.
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Figure 21.
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IIT. KINETIC ENERGY DISSIPATION IN MODERATE

ATOMIC NUMBER PLASMAS

A. Introduction

One of the most difficult problems in the X-ray Simulator Program is how to increase the
production of x rays in the 3 to 15 kilovolt energy range. Thus, the production of ~130 kJ of 5
keV x rays from a titanium array implosion on the Z accelerator at Sandia National Laboratories
is an important initial milestone; however, even in these experiments, there were challenges in
load design that were unmet. When they are, significant improvements in the K-shell output from
titanium wire array implosions can be expected in the future. Energetic x rays in the 3 to 15 keV
interval can be produced from the K shells of moderate atomic number plasmas; however, a number
of load design and machine design problems have to be solved in order to excite this emission. The
main problem was theoretically defined and then experimentally confirmed over the past ten years;
namely, that to efficiently generate energetic K-shell x rays in Z-pinch implosions, loads have to be
designed that allow a significant fraction of a sufficient amount and kind of plasma kinetic energy
to be thermalized in as short a time interval as possible. A fast thermalization process is necessary,
since the faster a plasma can be ionized through the L shell and into the K shell, the more the
L-shell radiation losses can be minimized along the way. However, the speed of ionization depends
on both the density and temperature rise in a plasma, so that another of the main problems in load
design is to achieve both.

Basically, there are two ways to thermalize kinetic energy: one is by plasma fluid compression
and the other is through the nonlinear process of shock wave generation and dissipation. Recent
experiments have shown that rapid compressional heating can be fairly non-uniform, leading to
hot plasma cores and much cooler surrounding shells. How these gradient structures are formed
is, at present, not entirely understood and predictable. It was only recently that methods were
developed to begin to diagnose them from experimental x-ray spectral data.}*? Extreme temperature
gradients tend to lower the fractional amount of plasma that can radiate from the K shell and to
decrease the efficiency of K-shell x-ray production. At the passage of a shock front, on the other
hand, a plasma can undergo large, rapid, and, in principle, predictable jumps in electron and ion
temperature. However, how strongly shock waves in highly ionizable, moderate atomic number,
Z-pinch plasmas are generated, what their structure is, and how they affect Z-pinch dynamics has
not, as yet, been analyzed. These problems involve a sizable amount of computer resource even in
a 1-D hydrodynamics calculation, and most such computer resources have been shunted into 2—D
Rayleigh-Taylor calculations. -

In hydrodynamics computer calculations, the development and structure of shock fronts is
generally poorly modeled and not understood when ionization is involved. Artificial viscosities
are used to soften the gradients generated in these calculations and to deliberatively leave them
inadequately resolved. To model shock formation without the use of artificial viscosities requires the
use of more zones in hydrodynamics calculations than computer resources in the past have allowed,
and the computation demands become greater when a non-equilibrium ionization dynamics is
involved. Moreover, because of the early focus on hydrogen in the development of plasma physics,
the erroneous procedures of ascribing all of the artificial viscosity to ions and of ignoring the
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real viscosity’s ionization state dependence were oftentimes employed independent of the atomic
number or ionization state of the plasma. Over the last two years some work was begun to remedy
these deficiencies. Some of this work is summarized in this section.

The process of remedying this problem took two steps. In the first step, taken last year, it was
demonstrated that the electron pressure tensor has nonlinear terms that can become larger than the
classical viscosity term when steep temperature and density gradients are generated in a plasma (as
in a shock structure). This work applied only to spherically symmetric or planar plasmas in order to
simplify an (already complex) calculation. In the second step, undertaken this year, the calculation
of these nonlinear pressure tensor terms was extended to the cylindrically symmetric geometry of
a Z-pinch plasma. The procedure for calculating these terms is described in a paper that will be
published in the journal, Physics of Plasmas:? expressions for them are derived and presented in
this paper. The pressure tensor is important in thermalization processes only at shock fronts and is
attributable to the very sharp gradients across the front. How this thermalization process affects,
and is affected by, the rapid ionization dynamics that takes place following the passage of a shock
front are problems yet to be researched.

This section consists of five subsections beginning with this introduction. In subsection B,
a brief discussion of the electron pressure tensor in a 1-D Z-pinch geometry is given. Then, in
subsection C, a planar shock front calculation is described that demonstrates the important role
that the electron pressure tensor can play in determining the relative amounts of electron and ion
heating across the front. The calculation does not involve any ionization dynamics, so it must be
carried out for a totally jonized plasma (the choice Z = 22 was made). A 1-D hydrodynamics
calculation is post-analyzed and discussed in subsection D. It illustrates the potential importance
of the nonlinear pressure tensor terms discussed in subsection B. The magnitude of these terms is
calculated by post-processing the 1-D hydrodynamics calculation that was described in the 1997
final report of Code 6720. This calculation was not designed for shock wave studies, but it utilized
100 zones to increase the resolution of the current profile. It was thus able to better resolve the
temperature profile as well. As a consequence, it showed the existence of a sharp thermal shock
front (unseen in a similar 30 zone calculation) that propagated to the axis prior to plasma assembly
on axis. Finally, all of the above work is summarized in subsection E.

B. The Electron Pressure Tensor

In a cylindrically symmetric Z-pinch plasma, the fluid pressure tensor, IT fluid, when displayed
as a matrix, has the form:

Hrr 0 Hrz

Upyig=| 0 —(O+0,,) 0 |=I+00..
]Irz 0 sz

The fluid pressure tensor is the sum of II;, the pressure tensor for the ions and II., that for the
electrons. The electron pressure tensor also consists of two parts:

He = HCO+HiVL;

where ILeo is the classical (linear) viscosity part of the pressure tensor and IINL is the newly
calculated nonlinear part, consisting of five different contributions in an (r,z) Z-pinch:

O =07 + o] + 07 4 077 4 o,
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The superscripts, T', N, and J, on the right side of this equation refer to the dependence of the
different terms on either the temperature gradient, the density gradient, or the current density
respectively. The dependence on temperature and density gradients is given in terms of two
dimensionless vector quantities, x; and x,, whose r- and z-components are given by

Tir = V4470r 1n (Tc)s Tz = verTeO: In (Tc)a

Tnr = vtthar In (ne)7 Tnz = vthTeaz In (ne))
where
_ [2kT
Vth = .
m

General formulas for the electron pressure tensor were derived in Ref. (3), but this discussion
will be limited to their application to 1-D hydrodynamics modeling. In this case, the nonzero
components of the classical electron and ion pressure tensors are given by

.. ) 2“ 'U,.-
(Heo )rr = —T (29' + nl)a‘rvr - 57]0—‘ Pe,

., ) 9 ‘v,..
(HeO)zz = —Te (Z%O' - 7]1)61-”1' = 370 | Pe,

(Hi)zz = —-0.967; (ar'vr - ;r)pia

T

(IL;)z2 = 0.487; (6,.17,. + 1;—”) i

The electrons have a more complicated pressure tensor than the ions because, in a Z-pinch, they
are magnetized while the ions are not. The 7, and 7j; are dimensionless Braginskii coefficients that
depend on both the ionization state, Z, of the plasma and on the magnetic field, B, through the
dimensionless parameter:

eB

Th = WeTe = —Te.
mc

In Ref. (3), expressions for the nonlinear terms in I, were derived that are of the same form as the
ones derived by Braginskii for I.q. For example, for 1T and ITY,

T — 1 l_’l‘i)l‘__ ~T\ 2
(Hc )"‘7‘ - '2- 3 +171 TipDey

T 1(40  .7\.2
(Hc )22=§ 3——171 ZrDey

N
(EZ‘N)" = (T + ﬁfN) ZtrTnrPe,
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TN o N
(He )z: = ( 03 - ﬁ'ir )ztrznrpc'
In all of the above pressure tensor expressions, the  coefficients are functions of Z and zp,
for example:

o1 =701(Z,28)  figq = fiay(Z,zs).

These dependences are calculated in Ref. (3) and are illustrated in Figs. (1) and (2). Fig. (1) shows
both the dependence of 77" = 47 and the ratio, 7T /o, on z4 for both 6 times (carbon-like) and
36 times (krypton-like) ionized plasmas. Fig. (2) shows the same information for the T =47
coefficient. These figures indicate two important features of the I7 coefficients. One, they are
both much larger than the corresponding coefficients for I, and two, they quickly decrease in
size for sufficiently large magnetic field strengths: z; > 0.02. This behavior is important at the
surface of a pinch, where the bulk of the pinch current flows and where magnetic fields are largest.
In this region of the plasma, I does not go to zero and may become important,

C. Steady-state Shock Structure Calculations

Since the early work on the structure of plasma shock waves,*~¢ jon viscosity was believed
to play the dominant role in determining shock structure due to the large mass difference,
m;/m. >> 1, between ions and electrons. This meant that all of the heat generated in a shock
front was deposited into the jon component of the plasma when shock fronts were simulated in
computer hydrodynamics calculations. However, in high-Z plasmas, classical electron viscosity
can exceed the ion viscosity.” In this case, the role of the electron viscosity has to be reconsidered
along with the energy partition between the components of the plasma that occurs during shock
heating.

Shock structure calculations are oftentimes carried out in the coordinate frame of a steady-
state shock front, thereby allowing the time derivative terms in the plasma fluid equations to be
ignored. When a shock front passes through a highly ionizable plasma, the rapid change in electron
temperature will drive a time-dependent ionization that violates the assumption of steady-state.
Thus, in order to carry out a steady-state shock calculation, it is necessary to assume that the
plasma is fully ionized. In this section, a planar shock wave calculation will be described, which
allows one also to ignore B-field effects. Fig. (3) was used to select the degree of ionization
(Z = 22) assumed in the calculation. The red curve in Fig. (3) shows the ratio of electron to ion
viscosity coefficients that is given by the formula to the right of the figure. This ratio is the same as
the ratio of electron to ion pressure tensors. Only the classical (linear) viscosity for the electrons
was used in these calculations. Since Z times as many electrons must be viscously heated as ions,
the blue curve, which is 1/Z times the viscosity ratio, is also drawn. The blue curve exceeds 1
when Z > 13. Past this Z, electron viscous heating exceeds ion heating; hence, the choice of
Z = 22 was made, corresponding to a fully ionized titanium plasma.

The calculation makes use of conventional Navier-Stokes shock structure equations, which
can be found in Ref. (8):

n;u = const; (mass conservation)

du

o= const; (momentum conservation)
T

4
mingu? + ny(T: + ZT,) — g(’li + 7)
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1
§miniu3 + gniu(Ti + ZT.) — %(ﬂi + ﬂe)u’j_:
dT. .
T Ke—— = consts (energy conservation)
3 du 4 (du\?
EniuTi +n-:Ti:i-; =3 (E)
3 eZ T .
u—(T, — T;) (ion energy balance).
mM;iTe

In these equations, 7. = 7jeTepe and 7; = 0.727;p;. The constants in them are determined by
the Hugoniot relations that hold for a given shock strength. These equations apply to charge
neutral plasmas in which n. = Zn;. They were employed by treating the viscous subshock as a
discontinuity and by solving for the structure of the electron thermal precursor in the temperature
relaxation zone, whose extent is determined by the electron thermal conductivity. This zone is
located in front of the viscous subshock.

Fig. (4) shows the structure for a Mach 5 shock wave for two cases: one case with and the
other without the inclusion of the electron viscosity in the calculation. As noted in the figure, if
electron viscosity is neglected, ion heating can be seriously overestimated by more than a factor

of two in this Mach S example. This error would be further enhanced in cumulative flows (such

as occur in Z-pinch implosions) where the shock waye is amplified as it converges to the axis.

Since it is electron heating and not ion heating that produces kilovolt x rays, the omission of

electron viscosity could represent a serious error in modeling moderate atomic number Z-pinch
pinch implosions designed to produce K-shell x rays.

Other facets of this shock wave calculation are shown in Figs. (5)-(7). Fig. (5) shows plots
of two of the dimensionless parameters defined above: the (single) components of x; and x,
(I. = venTe). Since temperature and density gradients are not resolved in this calculation in the
subshock region, the main information these plots convey pertains to the temperature relaxation
zone. In this region, z; and z, acquire sufficiently large values in these calculations for the
nonlinear contributions to the electron heat conductivity and pressure tensor to exceed the linear
expressions that are conventionally used for these quantities. Fig. (6) indicates that this effect for
electron heat conduction becomes larger as the Mach number increases, reaching a point, for Mach
numbers of around 13 or 14, where the calculation breaks down because flux limiting must be
imposed, i.e., the calculation would otherwise allow an unphysical amount of heat to be conducted.
Finally, Fig. (7) shows by how much, as a function of Mach number, the ratio of peak temperatures
is changed (and electron heating increased significantly) when electron viscosity is included in
this Z = 22 shock wave calculation. In a Z-pinch plasma, the direct conversion of kinetic energy
to electron thermal energy could have a significant impact on the amount of ionization and x-ray
emission that a moderate atomic number plasma would experience.

D. Post-analysis of a Z-accelerator, Z-pinch Implosion

Currently, there is no computer code able to assess the impact of the nonlinear electron heat
conduction and pressure tensor terms on the hydrodynamics of a Z-pinch plasma. However, by
post-processing a present-day hydrodynamics calculation, it is possible to assess whether or not
these terms can be expected to play an important role in this dynamics. The calculation, whose
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post-processing will be discussed in this subsection, is illustrated in Fig. (8). It was carried out
using 100 cells, whose boundaries as a function of time are drawn in this figure. The insert in
Fig. (8) shows the current, corresponding to the Z accelerator at Sandia National Laboratories, that
was used to drive the aluminum Z-pinch load in this calculation. The current peaks at 17 MA and
experiences a dip as the load compresses on axis at ~ 134 ns. The five equally spaced vertical
lines at the top of Fig. (8) indicate the five times at which the temperature profiles in Fig. (9) were
drawn.

The profiles in Fig. (9) demonstrate one of the key features of this simulated Z-pinch implosion;
namely, that, prior to kinetic energy thermalization on axis, a well-defined temperature front
propagates to the axis. It has two important effects on the Z-pinch dynamics that (would in general)
depend on the timing of the front relative to the time of peak compression. One, just before the
front arrives, a point in the inner plasma sits at a low temperature of ~ 20 eV. In 2, 1, or less ns
after the front has passed, the electron temperature jumps quickly up to 200 to 300 eV, producing
a very rapid, and undoubtably time-dependent, ionization in the plasma. Two, at the last of these
times, the core of the plasma has been heated uniformly to a high temperature in excess of 400 eV.
As the implosion continues, this core plasma is heated further and some compression continues;
however, the compression is impeded by the preheating of this core region. The inability to reach
high densities in the heated core of the plasma is one cause of degraded K-shell emission that needs
to be overcome with better load design (such as wire nesting or fill gases).

Fig. (9) also indicates that 1-D hydrodynamics calculations, of both current and future interest,
can be made to generate very large temperature and density gradients with the proper amount of
high resolution zoning. Such gradients, in turn, lead to the breakdown of these calculations. To
assess some of the relevance of this possibility, the implosion of Fig. (8) was post-processed to
determine the magnitude of the electron relative to the ion viscosity. Note, however, that all of the
artificial viscosity was used to heat the ions in this calculation. There are two fractional quantities
of interest in making this appraisal:

O = | Heo | fz__ln;l__
© [ Meo |+ | | © e |+ | I |

The first ratio, fc(o), involves only the classical, linear, electron pressure tensor, and gives the
fraction of the total pressure tensor that the electron contribution makes. The nonlinear terms in
the electron pressure tensor have been added to this ratio in fe. The size of these two ratios both
prior to and at the time of peak compression are of interest. These times are indicated in Fig. (8)
by the vertical lines at the top of the figure: the darkened, middle line in the cluster of five and the
line at 133.8 ns.

At the time prior to peak compression, the profiles of these two ratios are shown in Figs. (10)
and (11). Without the nonlinear terms (Fig. (10)), the electron viscosity is larger than the ion
viscosity only in the shell region of the plasma. The dip in electron viscosity in the shell region is
caused by the magnetic field in this region since the electrons are magnetized, while the ions are
not. With the inclusion of nonlinear terms (Fi g. (11)), the electron pressure tensor in the shell region
now totally dominates the ion viscosity, and, in the core region, it dominates at the temperature
front. Notice that the sharp peak in f. at the temperature front is poorly resolved even with 100
cells in the calculation.

At the time of peak compression, the profiles of the fﬁo) and f. ratios are shown in Figs. (12)
and (13). Again, without the nonlinear terms (Fig. (12)), the electron viscosity tends to be larger
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than the ion viscosity only in the shell region of the plasma. There is again a dip in electron viscosity
in this region because of the magnetic field. When the nonlinear terms are added (Fig. (13)), the
importance of the electron pressure tensor relative to the ion viscosity is extended well into the
core region of the plasma. , Several peaks in f. occur because of the severity of the temperature
and density gradients that are generated at the time of peak compression in the midst of the kinetic
energy thermalization process. The dip in electron viscosity brought on by the magnetic field is
also enhanced by the nonlinear terms.

E. Summary

Load designs that promote the direct thermalization of kinetic energy into the electrons have yet
to be studied, because it was recognized only a year or two ago that such a possibility exists. Priorto
this time, conventional wisdom assumed that all of a plasma’s viscosity was generated by the ions.
This wisdom derived from the heavy concentration of activitics in plasma physic on experiments
involving hydrogen. Thus, while the hydrodynamics calculation that was post-processed above
gave some useful information about the potential importance of the electron pressure tensor in Z-
pinch calculations, it mostly showed that present-day hydrodynamics calculations have the potential
to be inconsistent and to give wrong answers if they are carried out for high atomic number plasmas,
such as krypton, while ascribing all of the artificial viscosity effects to ions. They may also be
misleading if they are carried out with insufficient zoning that inadequately resolves the gradient
structure of the plasma and incorrectly computes the amount of thermalization taking place as a
result of shock front formation.

In summary, the classical electron contribution to a plasma’s viscosity can easily become
comparable to or larger than the ion viscosity in highly ionizable plasmas. In addition, nonlinear
terms make sizable contributions to the electron pressure tensor that can be larger than the classical
(linear) viscosity in regions where large gradients in temperature, density, or current density are
generated. At the discontinuity of a strong shock front in a highly ionized (Z > 20) plasma, the
classical electron viscosity can be expected to reduce the jump in ion temperature substantially.
Finally, the production of sizable amounts of K-shell x rays from moderate atomic number plasmas
may require load designs that promote the generation of shock fronts. The use of artificial viscosity
in calculations of these load designs needs to be re-investigated and most likely upgraded.
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IV. PERFORMANCE ASSESSMENT FOR DECADE QUAD GAS PUFF LOADS

A. Introduction and Review of I2 scaling

A long current rise time makes it essential that DECADE QUAD have the ability to efficiently
extract K-shell emission from large radius loads. In this section we evaluate the future performance
on DECADE QUAD of the large radius‘ double puff nozzle load that was developed for Double
Eagle and Saturn. This is a continuation of the work that was described in last years final report.
In that study the 7 cm diameter uniform fill loads used in the 1998 Double Eagle and Saturn long

pulse argon experiments were assessed in terms of their future performance on DECADE QUAD.

The basis of projecting the K-shell emission performance of a nozzle on one machine to its
performance on a different machine in accordance with an energy or 12 scaling was outlined in
the 1998 annual report. It is worth repeating the foundations, assumptions and caveats inherent in
using an 12 projection:

Figure 1 displays argon K-shell yield as a function of increasing mass-per-unit length for three
theoretical curves at a fixed coupled energy-per-ion, n* = 4.2 Where 7* is the coupled-energy-
per-ion divided by E.,;, the minimum energy per ion needed to instantly heat and ionize into
the K-shell upon stagnation. For elements up to krypton Ey,ip, &~ 1.01223%62 eV/ion. The first
curve was obtained using a 1D radiation transport model that used classical transport coefficients in
accord with some of our earliest work on K-shell yield scaling.3 The second curve was obtained
using the same 1D model with the exception that the transport coefficients were enhanced in order
to match the stagnation conditions attained in a series of Double Eagle short pulse small radius
aluminum experiments.*® The third curve is very hypothetical in the sense that it is what one might
obtain if one tried to match the 1D transport coefficients to the stagnation conditions attained from
a series of poorly designed experiments. All three of these curves as well as many K-shell scaling
experiments exhibit the characteristic I to I? K-shell yield transition as a function of increasing
mass load. The I* scaling regime is characterized by radiative cooling rates that are too small
to effectively influence the dynamics of the pinch. Under these low mass conditions the K-shell
radiation increases at the optically thin rate, which scales as the square of the ion density (Niz) or

as mass?. However at sufficiently large mass the rates will begin to affect the pinch dynamics and
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the radiative yields will be limited by energy conservation to less than or equal to an I increase

with mass.

Depending on the curve and mass load there can be a large range of K-shell yields spanned by
the curves in Fig. 1. This is the major difficulty with using curves like these, or 0-D models based
on them, to predict K-shell yield because it is not known a prior: which curve is applicable to a
given experiment. This difficulty is especially true for the larger radius experiments because they
are at the frontier of new load design, where the roles that asymmetry, instability, compression, and
adequate current play in influencing K-shell yield are largely unresolved. Therefore in the interest
of eliminating as many model dependences as possible it was decided that it would be best to
scale the experimental Double Eagle long pulse argon K-shell yields directly to DECADE QUAD
using only an I2 (energy) scaling. This eliminates the need for detailed knowledge of where the
I'* transition begins and ends at the sacrifice of making a conservative projection of the DECADE
QUAD K-shell yield. Fig. 2 illustrates the procedure of I2 scaling by projecting a fictitious Double
Eagle K-shell yield to DECADE QUAD.

The major caveat in performing an I? projection of Double Eagle yields to DECADE QUAD
is the assumption that loads using the same nozzle and that couple the same energy-per-ion (or n*)

to the load behave similarly on Double Eagle as DECADE QUAD.

In order to establish continuity with this years assessment of the double puff nozzle it is
worthwhile summarizing the results of last years assessment of the 7 cm diameter uniform fill loads
performance:

1) The argon K-shell yields obtained on Double Eagle long pulse with the 7 cm diameter
uniform fill load configuration I scales to over 40 kJ of K-shell emission on DECADE QUAD.

2) There is reason for concern about some of the long pulse experimental results because the
maximum Double Eagle and Saturn K-shell yields were attained in a low nx regime. There is
theory support and experimental evidence (aluminum experiments on Saturn and Z)%7 that yield
saturation can occur in this regime for large mass loads, which makes yield saturation a relevant

concern for DECADE QUAD.

3)A comparison of the enhanced to non-enhanced voltage experimental Double Eagle K-shell
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yields revealed that the 7 cm diameter uniform fill load was in an > I2 scaling regime, which
implies that the 40kJ projected DECADE QUAD yield is a conservative projection. This > I? yield
scaling also implies that the peak efficiency for K-shell yield production using the 7 cm diameter
nozzle was not achieved. Experiments at higher current levels would be needed to determine this
nozzle’s peak efficiency. If efficiency is defined as the K-shell yield divided by the coupled energy
as calculated from snowplow model with a 10:1 compression ratio, then the maximum efficiency
obtained from the 7 cm diameter uniform fill Double Eagle long pulse experiments was 15 % (17.3
kJ/112 kJ). For comparison purposes the efficiency for the optimal short pulse argon load is 23 %
(22 kJ/ 96 kJ).

B. I? scaling of 1999 double puff experiments to Decade Quad

Figure 3 is a schematic diagram of the double puff nozzle employed in the 1999 DTRA
sponsored gas puff experiments. The outer puff has an outer radius of 4 cms and an inner radius of

3 cms, whereas the inner puff has an outer radius of 2 ems and an inner radius of 1 cm.8

There are five Double Eagle shots that are analyzed and they are shown in Figure 4. They
range in implosion times from 212 ns.to 170 ns. The peak K-shell yield was 12 kJ, which occurred
at an implosion time of 187 ns. Table I shows the results of our 2 scaling analysis of these shots.
The implosion times, load mass, experimental K-shell yields, achieved n* values, and Double Eagle
peak current values are shown in Table I. The modeled Decade Quad peak currents and projected

K-shell yields are shown in the last two columns of Table L.

The yield projection of Double Eagle shot number 2 to Decade Quad is about 36 kJ for a 4
cm length load. This yield projection as well as the n* = 1.4 value for which it was obtained are

in good agreement with the projections from the 1998 Double Eagle uniform fill experiments.

A series of long pulse mode Saturn experiments also took place in 1999. The five shots we
analyzed are shown in Figure 4. The peak experimental Saturn current as well as the modeled
Decade Quad peak currents are shown in this figure as a function of mass load. Limitations on
load inductance limited the length of the Saturn loads to 2 cm whereas the Decade’ Quad currents.
displayed in Figure 4 are taken from a 4 cm length load analysis. Nevertheless, where ever the

Saturn current lies above the Decade Quad current in this figure one expects the projected Decade
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Quad K-shell yield to be smaller than the attained Saturn yield on a per-unit-length basis. This
expectation is verified in Table II, which displays the Saturn data and Decade Quad projections
in the same manner as was done in Table I for Double Eagle. For Saturn it is found that the
highest projected yield to Decade Quad is about 25 kJ for a 4 cm length load. This projection is

considerably lower than th 36 kJ optimal projection from the Double Eagle experiments.

A likely reason for this difference in Decade Quad projected K-shell yields between Saturn and
Double Eagle is because of K-shell yield saturation in the low n* scaling regime. The possibility
that yield saturation in this regime could be an issue for Decade Quad was mentioned above and in
last years annual report. Table IIl compares the experimental Saturn K-shell yields with the results
of an analysis whereby the Saturn K-shell yields are projected from the Double Eagle experiments.
This comparison clearly shows that for the lower * values the Saturn experiments are in a saturated

(< I?) scaling regime whereas for the higher n* values the experiments are in a > I2 regime.
p g

A theoretical plot of titanium K-shell yield as a function of mass load is shown in Figure 5
for n* = 1,2 and 3 in order to help explain the dynamics of) K-shell yield saturation. One can
clearly see from these theoretical curves that the K-shell yield is saturated for the n* = 1 curve. In
these calulations the coupled energy is thermalized in accord with an energy (1 2 or mass) scaling
whereas the radiative cooling rate scales as mass?. Because the cooling rate is increasing faster
than the heating rate as the mass load is increased (at least until opacity limits radiative losses) the
plasma as a whole will have a progressively lower temperature. As the temperature drops below
what is needed to ionize into the K-shell then the K-shell yield will saturate or decline as mass is
increased further. Since the low * loads have the least energy-per-ion available to start with, they

will be the first to exhibit the effects of yield saturation.

C. Conclusions

There are at least two major conclusions from this years gas puff PRS performance assessment
for Decade Quad. First, that K-shell yield saturation in the low n* scaling regime is a potential
problem for Decade Quad. In order to overcome this problem we need to implode higher n* loads
that make efficient usage of Decade Quad’s available energy. This can be done by going to larger

radius loads or by putting a larger fraction of the mass into the outer annulus of the double puff
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nozzle. The second conclusion is that one of the requirements of 2 scaling of K-shell emission
from one machine to another is that the load behavior be the same on both machines. Based on
the strange shape (abrupt flattening of the current profile) of the Saturn peak current profile shown
in Figure 4 and the fact that Saturn could not effectively implode 4 cm length loads, it is clear
that Saturn with its smaller front end inductance (~ 10 nh) cannot deliver energy to a 4 cm length
(possibly a 2 cm length load) load at stagnation as effectively as Double Eagle (~ 25 nh). This is

an issue for Decade Quad because its front end inductance is only about 9 nh.
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Fig. 1 K-shell yield as a function of mass for three 1D model conditions.
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V. Novel Approach to Producing ~10 keV X Rays with Plasma
Radiation Sources Powered by Long Pulse Drivers

There is renewed interest in developing a Plasma Radiation Source (PRS) that can
both harden the spectra and enhance K-shell radiation yields and possibly be a method for
filling-in the low energy region of the bremsstrahlung spectra. A number of viable pulsed
power design options exist that are reasonably cost effective for the design and construction of
a novel generator with energy in the primary storage of the order of 24 MJ and the output
current ~25 MA with the rise time between 250 and 400 ns [1].

Recall that the significant progress in nanosecond pulse power technology in the 1980-
90s lead to successive creation of record-high power facilities at Sandia (from Saturn to
PBFA-II to Z). This approach is based on the module principle which requires advanced and
very expensive technique of adding energy fluxes that come from a large number of modules,
whose output has' to be synchronized through many switches by the powerful laser. An
alternative Maxwell/Pl approach [1] is directed to less costly options. Decreased energy cost
comes at the expense of longer current pulses. This leads to a relatively unexplored territory
of generating 1 to 13 keV x-rays using 300 ns or longer time PRS implosions.

Simulations performed at NRL [2] have identified one of the main problems of
generating a harder spectra, even at 60 MA and 100 ns rise time. The energy exchange
between electrons and ions is slow, requiring thousands of electron-ion collisions, and most of
the electron energy could be lost through softer radiation of lower shells before the H- and
He-like ionization states could be achieved. The only way of minimizing these losses is to
increase simultaneously the stagnated plasma density and its confinement time. Then opacity

would help decrease the low-energy radiative losses, and we will have enough time for

ionization:
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The increase in stagnated plasma density due to increased radial compression ratio is
limited by the Rayleigh-Taylor (RT) instability of acceleration. Without any mitigation, the
compression ratio does not exceed 10-15. A number of techniques for mitigating the RT
instability, like use of nested wire arrays or double puffs [3] can effectively increase the
compression ratio to ~20-30.

The use of long-pulse implosions makes RT instability a more serious problem, since a
matched Z-pinch load should be accelerated from a larger initial radius. Then the final radius
would be larger, and the peak density accordingly lower.

It should be emphasized that the problems discussed above are mostly important for
generating >10 keV energy quanta. As for the Ar to Ti K-shell energy range, the available
experimental data could be reliably scaled upl to target 300 kJ yield [4].

In this White Paper, we describe three recent advancements that all lead to substantial
increase in density at stagnation and confinement time of imploded Z-pinch plasmas that
could help solve the problem of generating substantial yields of ~10 keV quanta using low-
cost pulsed power.

1) The theory of enhanced energy deposition in Z-pinch plasmas, which has been
observed in many experiments but is mostly important in long implosions (e. g., see [S]) has
been developed. This theory takes into account convection of magnetic flux to the pinch axis
that helps couple a large amount of magnetic energy from the vacuum cavity surrounding the
pinch to the pinch plasma [6]. In long implosions, the energy coupled this way could exceed
thermalized kinetic energy by a factor of 2 to 3 [5, 6]. As a result, more plasma could be

maintained at a high temperature for a longer time.
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2) The most direct way of increasing plasma density in the pinch at given temperature
is to increase the pinch current. It turns out that for a giveﬁ pulsed power driver that provides
a certain peak current, the current that implodes the pinch could be increased by a factor of
~2 within the load unit. The concept of current multiplication suggested by O. Zucker can be
presented in several modifications. The simplest one, which does not include any current
switches, is outlined below. A schematic of this compact current multiplier is shown in Fig. 1.

3) Tighter pinches could be obtained if an implosion starts from a smaller initial
radius. Energy efficiency requires matching of the imploding load to the current generator, so
that an implosion from a small radius could be effectively driven by a long current pulse
generator only with some kind of a switch capable of increasing the current rise rate.
However, so far the attempts to create ''cheap" switches (so called POS} which could deliver
without significant losses an output 10 MA or more current pulse with hundred nanoseconds
rise time on the load were not successful. One of the reasons is that the current disruption in
POS operation is hard to control since it involves some new physics, which is still far from
being well understood. Moreover, in contrast with the POS design, the switching and load
sections of the inductive switch are spatially separated, so that no plasma from the switching
section reaches the imploding load.

Our new approach to current switching, inductive switch or L-dot switch, does not
include any current disruption. It is based on conventional electrical engineering, and should
therefore be very reliable. The switch includes two sections that contain cylindrical wire-array
loads, connected in parallel to the power source. Initially, inductance of the first, switch
section, is lower than that of the main, load section, so that the current starts flowing

primarify through the first wire array. As it implodes toward the axis, it opens a large
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cylindrical cavity, rapidly increasing its inductance. Then the current is rapidly switched to
the load wire array. 0-D simulations have shown that the current rise rate could be increased
by the factor of 5-10 with the 80% efficiency of energy transfer to the load. A schematic of the
inductive current switch is shown in Fig. 2.

Enhanced power dissipation has been described in detail in a paper [6] that has
already been presented to DTRA. Here, we only present the explicit formulas for enhanced
dissipation power and the corresponding effective additional non-linear resistance derived
from this theory:

_ I’l _ I’ (MA)/(cm)
enh 2/_[]/2C3R 2/1”2(;,Lg/cm)R(mm)

and

z - TMA)(em)
24 R 24" (g/em)R(mm) .

.
i

Below, we discuss in more detail the concept designs of compact current multiplier and
inductive switch.

The compact current multiplier (CCM) presented here is a device placed on the front-
end of existing or designed pulsed power driver. CCM does not require the additional
switches. This device includes two loops of input current I(t) from the generator. The load
(imploding shell) is a part of a double-turn current loop. Schematic of this design of CCM is

presented on Fig.1. The device is connected to the output of the driver.
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Figure 1.

The current / flows along the internal surface of the external coaxial c;, then through
the array of rods 3. Then the current flows upward in positive radial direction, then follows
the “second loop” along the cylindrical section ¢y, then through the load wire array, and then,
through the convolution hole in the “second loop”, back to the driver. As a result, the load
wire array is accelerated by the magnetic fields of the double current 21, and decelerated by
the field of a single current I. The resulting increase in the accelerating magnetic pressure is 3
fold. The aécelerated shell implodes, moving along the parallel disc-like “second loop”
electrodes. At the end of acceleration, the plasma penetrates through the array of rods 3 and

stagnatés at the axis.
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0-D simulation of the CCM operation has been done for the parameters of the pulsed
power driver discussed in [1]. The front-end inductance, including the initial inductance of the
CCM device, was taken 35 nH. The amplitude and time of current rise nearly correspond to
those given in [1]. Optimization was made for final velocity V = 10® cm/s. It was shown that
the kinetic energy of the plasma shell, 3.75 MJ, corresponds to a 1.5 cm shell length and its
mass 5 mg/cm. Compare it to the result of a similar simulation done for a conventional,
“single-turn” load unit of the same initial inductance. In the latter case, the Kinetic energy 3.3
MJ corresponds to the imploding shell length 4 cm and mass 1.7 mg/cm. The energy per unit
tength delivered to the load, which is the key figure-of-merit for a high-Z K-shell production,
is increased by a factor of 3 due to the use of CCM.

There is a chance that a more advanced version of this design could work,
incorporating all the ideas described in the White Paper. In this approach, the array of a few
rigid rods 3 is replaced with a regular wire array, whose mass is comparable to that of the
main array, the two thus forming a nested array configuration. Initially, the two arrays are
effectively connected in series. The inner array is mounted at approximately half radius of the
main array. Since the main array is accelerated by a double magnetic field, it implodes faster,
and at some point collides with the inner array. As a result, some mitigation of the RT growth
in the colliding wire arrays could be expected, and the assembled plasma shell continues to be
accelerated by the pressure of double magnetic field. This is because during the short time
interval before stagnation the magnetic flux stored in the mutual inductance has no possibility

to decrease significantly.
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Schematics of the inductive switch is presented in Fig.3 The equivalent electrical circuit
for inductive energy store Lg is presented in Fig 3 (top) explains the principle of operation of
this device. If the energy store is capacitor C as in DQ generator the electrical circuit is
different: we should replace Lo by C, add switch to connect capacitor C with inductive energy
store section, which supply by energy main imploding shell L2 (PRS) through inductive switch
(L1,L2). For this case Rsand Ryoap are nearly zero.

Inductance L1 of cavity 1 rises in time when the plasma shell 1 implodes to the axis. If the
radius of the cavity Rg = 8 cm, its length zy = 20cm, then L1 = 50 — 100 nH. When the wire
array shell 7 1cm long in the small section of cavity 1 just begins to accelerate by the current

pulse in-creasing to Iinax during 200 - 300 ns, the impedance L1 is small and only small part of
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current flows through load in cavity 2. But when the current shell moving at the velocity ~10°

cm/s had open the hole with a radius p = 1-2cm in a big

Lo Rs(t) L1(t) L2(t)
Cauvity 2 | Main Wire
~ K&~ Array
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Flow —= — XXX IKA
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Core
i
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Figure 3. Inductive Switch
volume of cavity 1, then more current flows through the cavity 2. And significant part of
magnetic energy stored in Pulse Power Generator could dissipate into cavity 2. It happens
during the last 30 ns. To avoid enhanced energy dissipation in cavity 1 [5], metallic cylinder,
diameter 4-6 mm, is placed on the axis. D. Peterson simulated imploding plasma behavior
near a hole. Only a few percent of shell plasma passed through the hole. 2-D MHD simulations
made by A. Chuvatin and S. Zakharov have confirmed the basic physics and performance

parameters of a multi-MA inductive switch [7]..
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The inductive current switch could be combined in one load unit with the
multiplicator. In particular, this could be done with the version of the load design presented in
Fig. 2, where the nested wire array technique of the RT instability mitigation is incorporated,
and the additional energy could be coupled to the pinch stagnated at the axis through the

enhanced dissipation mechanism. A schematic of this load unit is shown in Fig. 4.

Figure 4.
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Current status and suggestions

1) Existence of enhanced energy deposition has already been confirmed by a number of
experiments, including the most relevant long-implosion experiments organized by DTRA [4]
and in 2-D simulations.

2) Operation of the compact current multiplier could be tested on one of the existing
multi-MA current generators. For example, we can use Double Eagle at 4 MA in the long
pulse mode. According to the above estimates, this could effectively increase radiation
production capacity of Double Eagle to the level approaching Saturn and offer the
opportunity the produce harder K-shell radiation (Fe, Ni).

3) It would be very important to test the operation of the inductive current switch on
one of the existing generators, or, in the near future, on Decade-Quad.

4) The proof-of-the-principle experiments with a current multiplier and the inductive
switch, if successful, would create a firm basis of combining the novel load design concepts
discussed above into a front-end device capable of producing the desired yield of ~10 keV
quanta on the pulsed power generator described in [1].

5) Before this is done, it would be helpful to do radiation hydro simulations for the
best-case scenario, to find out if the plasma parameters that could be reached using the above
approach are sufficiently high té b;A;duce efficient Kr K-shell generation. Alternatively, this
could be regarded as a search for the main parameters (current, plasma density and
confinement time) that are sufficient to generate substantial 10 keV yield and at the same time

could be approached using novel load design.
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